Stable tellurium isotope variability in ore-forming systems: A theoretical and experimental approach by Fornadel, Andrew
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2014
Stable tellurium isotope variability in ore-forming
systems: A theoretical and experimental approach
Andrew Fornadel
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Geochemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Fornadel, Andrew, "Stable tellurium isotope variability in ore-forming systems: A theoretical and experimental approach" (2014).
Graduate Theses and Dissertations. 14075.
https://lib.dr.iastate.edu/etd/14075
  
 
Stable tellurium isotope variability in ore-forming systems: 
A theoretical and experimental approach 
 
 
by 
 
Andrew P. Fornadel  
 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
Major: Geology 
 
Program of Study Committee: 
Paul G. Spry, Major Professor  
Carl E. Jacobson 
Alan D. Wanamaker 
Halil Ceylan 
Aaron D. Sadow 
 
 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2014 
 
 
 
Copyright © Andrew P. Fornadel, 2014. All rights reserved.
ii 
 
 
TABLE OF CONTENTS 
 
              Page 
Acknowledgements .................................................................................................. v 
Abstract………………………………. .................................................................... vi 
CHAPTER 1: PRECISE ANALYSIS OF STABLE TELLURIUM ISOTOPE 
COMPOSITION OF MINERALS IN THE SYSTEM AU-AG-TE AS 
DETERMINED BY MC-ICP-MS .......................................................................... 1 
 Abstract ............................................................................................................... 1 
 Introduction ......................................................................................................... 2 
 Sample Preparation .............................................................................................. 5 
  Preparation of labware ................................................................................... 5 
  Standard selection .......................................................................................... 6 
  Sample selection ............................................................................................ 7 
  Making of epoxy mounts ............................................................................... 7 
  Petrography and electron microprobe for mineral identification  .................. 8 
  Micromilling .................................................................................................. 10 
  Sample digestion and reconstitution .............................................................. 10 
 Ion Exchange Chromatography ........................................................................... 11 
  Yield splits ..................................................................................................... 11 
  Procedure for ion exchange chromatography ................................................ 11 
  Determination of Te isotope fractionation by ion exchange .......................... 13 
 Multiple-collector inductively coupled plasma mass spectrometry..................... 14 
  System configuration ..................................................................................... 14 
  Measurement protocol ................................................................................... 15 
  Assessment of Cd polyatomic interferences .................................................. 16 
  Data reduction ................................................................................................ 17 
 Results and discussion ......................................................................................... 20 
  Fractionation during ion exchange chromatography ..................................... 20 
  Use of cadmium as a dopant for mass-bias correction .................................. 21 
  Comparison of wet and dry plasma techniques ............................................. 23 
  Results from natural samples ......................................................................... 23 
 Conclusions ......................................................................................................... 25 
 Acknowledgements .............................................................................................. 26 
 References  ......................................................................................................... 26 
 Figures ................................................................................................................. 30 
  Figure 1  ......................................................................................................... 31 
  Figure 2  ......................................................................................................... 32 
  Figure 3  ......................................................................................................... 32 
  Figure 4  ......................................................................................................... 33 
  Figure 5  ......................................................................................................... 34 
iii 
 
 
  Figure 6  ......................................................................................................... 34 
  Figure 7  ......................................................................................................... 34 
  Tables  ............................................................................................................ 36 
  Table 1  .......................................................................................................... 36 
  Table 2  .......................................................................................................... 37 
  Table 3   ......................................................................................................... 38 
  Table 4   .......................................................................................................... 39 
  Table 5  ..........................................................................................................  40 
  Table 6   .......................................................................................................... 41 
 
CHAPTER 2. THEORETICAL AND MEASURED STABLE TE ISOTOPE 
FRACTIONATION IN TELLURIUM-BEARING MINERALS FROM 
PRECIOUS METAL HYDROTHERMAL ORE DEPOSITS  ........................... 44 
 Abstract  ......................................................................................................... 44 
 Introduction ......................................................................................................... 45 
 Tellurium in terrestrial settings ............................................................................ 47 
 Stability of Au and Te species in hydrothermal solutions ................................... 49 
 Stable tellurium isotopes ...................................................................................... 51 
  Isotope fractionation determined by theoretical calculations ........................ 51 
  Te isotope studies using TIMS and N-TIMS ................................................. 53 
  Te isotope studies using MC-ICP-MS ........................................................... 54 
   Meteorites and terrestrial sulfides ......................................................... 54 
   Biological fractionation ........................................................................ 55 
   Abiotic fractionation in native tellurium and tellurides ........................ 56 
 Samples ............................................................................................................. 57 
 Sample preparation methods and isotope analysis ............................................... 57 
 Theoretical fractionation calculations .................................................................. 61 
 Results .................................................................................................................. 62 
  Theoretical fractionation ................................................................................ 62 
  Overall isotopic ranges and trends ................................................................. 63 
  Te mineral pairs ............................................................................................. 64 
 Discussion ............................................................................................................ 65 
  Crystallographic effects on fractionation ....................................................... 65 
  Redox effects on fractionation ....................................................................... 66 
  Te isotopes discriminated by deposit ............................................................. 67 
   Temperature of formation ..................................................................... 68 
   Phase separation .................................................................................... 69 
   Genetic model ....................................................................................... 69 
  Te fractionation during Au-(Ag-) telluride mineralization ............................ 70 
  Comparison to Se isotopes in ore-forming systems ....................................... 72 
 Conclusions .......................................................................................................... 73 
 Acknowledgements .............................................................................................. 74 
 References ............................................................................................................ 75 
 Figures ................................................................................................................. 83 
  Figure 1  ......................................................................................................... 84 
  Figure 2  ......................................................................................................... 85 
iv 
 
 
  Figure 3  ......................................................................................................... 86 
  Figure 4  ......................................................................................................... 87 
  Figure 5  ......................................................................................................... 87 
  Figure 6  ......................................................................................................... 89 
  Figure 7  ......................................................................................................... 90 
 Tables   ................................................................................................................ 91 
  Table 1  .......................................................................................................... 91 
  Table 2  .......................................................................................................... 94 
  Table 3   ......................................................................................................... 95 
  Table 4   .......................................................................................................... 99 
 
CHAPTER 3. STABLE TELLURIUM ISOTOPE VARIATIONS IN 
TELLURIDES AND NATIVE TELLURIUM FROM THE EMPEROR 
GOLD DEPOSIT, FIJI     ........................................................................................ 100 
 Abstract  ......................................................................................................... 100 
 Introduction ......................................................................................................... 101 
 Geological and mineralogical setting of the Emperor deposit ............................. 107 
 Samples and methods ........................................................................................... 105 
 Results .................................................................................................................. 106 
 Discussion ............................................................................................................ 107 
 Acknowledgements .............................................................................................. 110 
 References ............................................................................................................ 111 
 Figures ................................................................................................................. 114 
  Figure 1  ......................................................................................................... 115 
  Figure 2  ......................................................................................................... 116 
  Figure 3  ......................................................................................................... 117 
  Figure 4  ......................................................................................................... 118 
  Figure 5  ......................................................................................................... 119 
 Table  1 .............................................................................................................. 120 
   
Conclusions and avenues for future study ............................................................. 121 
 References ............................................................................................................ 122 
 
Appendix ......................................................................................................... 125 
 
 
 
 
 
v 
 
 
ACKNOWLEDGEMENTS 
I would like to thank my major professor, Paul Spry for mentoring me over the past 
six years and helping me to improve as a scientist. I would also like to thank the remainder of 
my committee, Carl Jacobson, Alan Wanamaker, Halil Ceylan, and Aaron Sadow for 
assisting me through this process. 
Thank you to the Department of Geological and Atmospheric Sciences (especially to 
DeAnn Frisk), my colleagues and classmates at Iowa State University, and to all those who 
helped me at other institutions. A particular debt of gratitude is owed to Joshua O’Brien for 
helping me maintain some semblance of sanity throughout my time here. 
Most importantly, thank you to my family for encouraging me from a young age to be 
curious about the world, to pursue my passions, and for their unyielding support. 
This project was made possible by a grant from the National Science Foundation 
(Award # 1047671) 
 
vi 
 
 
ABSTRACT 
 
Variability in the “light” (e.g., H, C, O, N, S) stable isotope composition of minerals 
has long been used to elucidate geochemical processes. The development of multi-collector 
inductively coupled plasma mass spectrometry (MC-ICP-MS) techniques has led to the study 
of isotope variability in increasingly heavy elements due to the increase in precision and 
ionization potential compared to older isotope analytical techniques. Despite the increasing 
use of stable isotopes as geochemical tracers, those of the element tellurium have been 
relatively understudied. The three studies presented here provide the first analyses of 
tellurium isotope variability in tellurides and native tellurium, as well as tellurates and 
tellurites. 
The first study presents a methodology for the extraction and purification of Te from 
such minerals, as well as for their analysis using MC-ICP-MS. Importantly, this study 
established that processing and analytical techniques do not induce isotopic fractionation. 
Furthermore, with a δ130/125Te range of 1.6 ‰, the preliminary isotope data from the methods 
development process suggested appreciable fractionation of Te, even at elevated 
temperatures. 
The second study presents data for 82 Te-rich minerals of various oxidation states and 
compares those empirical data to experimental data from thermodynamic calculations. The 
samples were unlocated beyond the general area of their collection. The overall range of 
fractionation for Te is 2.85‰ and seems to be dominated by mass-dependent processes. 
Redox reactions do not seem to induce large fractionations, which contradicts 
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thermodynamic predictions, and suggests that disequilibrium processes may have occurred 
during changes in valence state.  
The final study of this dissertation is related to well-located tellurides and native 
tellurium from the epithermal Emperor gold telluride deposit, Fiji. Here, we report a range of 
Te isotope values of 1.13‰. The preliminary dataset presented shows that samples hosted 
within the volcanic caldera have a more narrow range than those hosted in adjacent rock, 
suggesting that wall rock interaction during magmatic-hydrothermal fluid flow may be 
responsible for some amount of fractionation. Like other epithermal deposits, Te isotope 
values at Emperor are relatively tightly clustered, in contrast to those from the orogenic 
Kalgoorlie gold telluride deposit. 
To complement this work on tellurium isotopes, I was also involved with two studies 
on the geology, mineralogy, and geochemistry of the Stanos, shear-zone related Au-Bi-Te 
ore system, in Greece. The first paper to come of this research, entitled ‘Bismuthinite 
derivatives, lillianite homologues, and bismuth sulfotellurides as indicators of gold 
mineralization in the Stanos shear-zone related deposit, Chalkidiki, Greece’, by Voudouris et 
al. (2013) is in press in Canadian Mineralogist (v. 51, p. 119-142). The second, ‘Geochemical 
and geochronological constraints on the formation of shear-zone hosted Cu-Au-Bi-Te 
mineralization in the Stanos district, Chalkidiki, northern Greece’ by Bristol et al. is to be 
submitted to Ore Geology reviews. 
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PRECISE ANALYSIS OF STABLE TELLURIUM ISOTOPE COMPOSITION OF 
MINERALS IN THE SYSTEM AU-AG-TE BY MC-ICP-MS 
 
A paper in press in the Journal of Analytical Atomic Spectrometry 
v. 29, p. 623-637. 
 
Andrew P. Fornadel, Paul G. Spry, Simon E. Jackson, Ryan D. Mathur, 
John B. Chapman, Isabelle Girard 
 
 
Abstract 
The measurement of stable isotopes in ore- and ore-related minerals can provide insight 
into the geochemistry and formation of metal-bearing ore systems. Currently, there are few high-
precision studies of the natural variability of stable tellurium isotopes, most of which are focused 
on meteorites and sulfides and are related to cosmogenesis; there are no modern studies on the 
variability of tellurium isotopes within native tellurium and tellurides from ore-forming systems. 
Tellurium is an element of interest due to its common association with gold in geologic systems, 
as well as its rarity in the Earth’s crust and increasing industrial demand for applications such as 
photovoltaics. This study presents a method by which tellurium can be sampled from Au-Ag 
tellurides and native tellurium, isolated by ion exchange chromatography, and analyzed for 
isotopic composition by multi collector-inductively coupled plasma-mass spectrometry (MC-
ICP-MS). 
Using a micromill, a sufficient mass of telluride or native Te sample can be extracted 
from coexisting ore and gangue minerals from ~100 µm wide by ~50 µm deep drilled holes. 
Acid digestion of micromilled samples and subsequent ion exchange chromatography isolated Te 
from matrix metals. The chromatography procedure has Te yields of 96% and produces no net 
fractionation of Te isotopes. MC-ICP-MS analyses were performed using two techniques, both 
of which employed the doping of samples using Cd to correct for instrumental mass bias. The 
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first method was the introduction of 100 ppb Te bearing solutions (with 100 ppb Cd) using a 
desolvating nebulizer (Aridus II). The second method involved solution nebulization of 2 ppm 
solutions of Te (with 1 ppm Cd) into the plasma of the MC-ICP-MS. Although the wet and dry 
methods produce statistically identical delta values, precision is increased using the wet method. 
The average uncertainty (two standard deviations of the mean) using the Aridus II is ±0.20 ‰ for 
130/125
Te (dry method), whereas that for the wet method is ±0.08 ‰. Repeated analyses of the Te 
standard over a period of ~15 months by solution nebulization yielded an external precision of 
±0.10 ‰ for 130/125Te. 
Natural, hypogene tellurides (calaverite, hessite, krennerite, and sylvanite) and native 
tellurium samples (n = 32) have a range of 1.64 ‰ in the isotope composition 130/125Te, 
demonstrating resolvable, disparate isotope ratios between samples from different areas and 
between samples from the same locality (e.g., Cripple Creek, Colorado). Fractionation of Te 
isotopes was caused by mass-dependent geological processes. 
 
Introduction 
 Development of multiple-collector inductively coupled plasma mass spectrometry (MC-
ICP-MS) has broadened the scope of stable isotope geochemistry to include the study of the 
stable isotope systematics of heavier, ‘non-traditional’ elements (e.g., Mg, Cl, Ca, Se, Cr, Fe, Cu, 
Zn, Mo, etc.;
 
 Johnson et al., 2004. Although measurements and interpretation of stable isotope 
variability of light chalcogen (group 16) elements (i.e., O, S) are well established, the 
aforementioned technological advances have also allowed measurement of Se isotopes (e.g., 
Rouxel et al., 2002).  However, with the exception of a handful of studies on Te isotopes in 
chondritic and iron meteorites and a few terrestrial sulfides (Fehr et al., 2004; 2005; 2006; 2009), 
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the determination and interpretation of Te isotope ratios in geological materials have been 
limited either by available technology (i.e., gas-source mass spectrometry, TIMS; Smithers and 
Krouse, 1968; Smith et al., 1978) or by the nature of in situ measurements made without 
correction for fractionation induced by analytical techniques (Spry, 1999). Currently, no recent 
and reliable stable isotope data have been published for naturally occurring native tellurium or 
tellurides. 
 Tellurium is a unique metalloid element because it has the highest cosmic abundance of 
any element with atomic number >40, yet is one of the rarest on Earth (McDonough and Sun, 
1995; Lodders, 2003). Although background levels of Te in the silicate (crust and mantle) Earth 
are low, in the range of 0.4 to 12 ppb (McDonough and Sun, 1995; Wedepohl, 1995; Reimann 
and de Caritat, 1998), Te is enriched relative to background levels in association with Au and Ag 
mineralization in orogenic and epithermal ore systems (Goldfarb et al., 2005; Simmons et al., 
2005), as well as in association with platinum group elements (PGE) in Cu-Ni-PGE ore systems 
(Ames and Farrow, 2007; Holwell and McDonald, 2007). In certain orebodies, bulk rock Te 
content can be as high as 1% (by weight), an enrichment of up to seven orders of magnitude 
from crustal background levels (e.g., Gies deposit, Montana, Zhang and Spry, 1994; 
Sandaowanzi deposit, China, Liu et al., 2010). Tellurium, which has been classified as a scarce, 
technologically important metal (STIM) by the U.S. Geological Survey, is of growing 
importance due to its increasing use in photovoltaics and thermoelectric cooling systems, as well 
as various other industrial applications (George, 2012). The Dashuigou and Majiagou deposits in 
Sichuan Province, China (Mao et al., 1995; 2002) are the only mines that operate for the purpose 
of extracting Te from ore; global demand is largely supplied by Te produced as a byproduct of 
the processing of copper ore (George, 2012; Knockaert, 2000). 
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 Tellurium has eight naturally occurring stable isotopes with mass numbers 120 (0.10 % 
nominal natural abundance), 122 (2.60%), 123 (0.91%), 124 (4.82%), 125 (7.14%), 126 (19.0%), 
128 (31.7%), and 130 (33.8%). Compared to the other chalcogens, it shows a similar relative 
range of isotopic masses, with 8.3% mass difference between lightest and heaviest mass isotopes 
(10.8% for Se, and 12.5% for S and O), and similarly exhibits a comparatively large number of 
oxidation states (-II, 0, IV, and VI). Extensive study of the systematics of stable isotopes in ore 
forming systems have allowed their application as geothermometers (e.g., H and O; Taylor, 
1997), exploration guides (e.g., Cu, Mathur et al., 2009), indicators of element provenance (e.g., 
C and S, Rye and Ohmoto; 1974), and have elucidated the kinetics of element transport in 
hypogene and supergene environments (e.g., S, Field, 1966; Cu, Mathur et al., 2005; Li et al., 
2010). Specific to Te, Smithers and Krouse (1968) and Baesman et al. (2007) demonstrated that 
both biotic and abiotic reduction of Te causes stable isotope fractionation. Fehr et al. (2005) 
revealed that Te isotope fractionation tends to be smaller than ~0.5 ‰ amu-1 in chondritic 
meteorites and in terrestrial, sedimentary sulfides.  
 Fehr et al. (2004) developed a method for the extraction and purification of Te from 
meteorites and terrestrial sulfides for the determination of Te isotope ratios based on a two-stage 
ion exchange chromatography procedure. Several studies have confirmed that ion exchange 
chromatography induces fractionation of stable isotopes of various elements, including B, Ca, 
Ga, Fe, Cu, and Zn (e.g., Johnson et al., 2004; Maréchal and Albarède, 2002). Mass balance 
calculations have shown that for elements that fractionate appreciably during chromatography, 
yields near 100% are required to ensure that there is no significant net isotopic fractionation 
caused by the ion exchange procedure (Maréchal and Albarède, 2002; Maréchal et al., 1999). 
 The development of enhanced methods for precisely determining the fractionation of Te 
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isotopes in natural systems may provide shed light on issues concerning the sources of Te in ore 
systems, transport and deposition of Te, and the mechanisms by which Te can be so greatly 
concentrated in certain parts of the Earth’s crust. Additionally, as Te is commonly associated 
with Au, which has only one stable isotope, Te isotope determinations may provide insights into 
formation of, and exploration for, high-grade Au mineralization, just as other stable isotope 
systems have been applied to a variety of ore-forming systems. 
 This contribution expands upon the methodology described by Fehr et al. (2004) for the 
measurement of Te isotope variability, and we present the first analyses of stable isotope 
fractionation in tellurides and native tellurium as measured by MC-ICP-MS. The present study is 
the first study to quantitatively describe the recovery of Te during ion exchange chromatography 
in addition to the fractionation of Te induced by the chromatography procedure. Careful 
quantitative description of the ion exchange procedure validates the methodologies Fehr et al. 
(2004, 2005, 2006, 2009) and will be useful for future Te isotope studies. This study also 
demonstrates the successful use of Cd as an internal standard for Te isotope measurements, a 
method that has previously been rejected due to concerns of polyatomic Cd interferences on Te 
masses. 
 
Sample Preparation 
Preparation of Lab Ware 
 To limit contamination of samples, lab ware was limited to perfluoroalkoxy (PFA) 
beakers, jars, and wash bottles. Hydrochloric and nitric acids used for cleaning and sample 
preparation were J.T. Baker Ultrex II (or Optima), ultra-high purity grade (herein referred to as 
‘HCl’ or ‘HNO3’). All water used for cleaning, diluting acids, and sample preparation was ≥ 18.1 
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MΩ cm-1 Millipore Milli-Q® deionized water (herein referred to as ‘deionized water’). All lab 
ware was doubly cleaned in warm (~80° C) HCl baths for 72 hours, followed by sealed refluxing 
overnight on a hotplate using deionized water, and then dried prior to use. 
 Bio-Rad AG 1-X8 anion exchange resin (100-200 mesh, chloride form) was used for ion 
exchange chromatography and rinsed with 6 N HCl followed by deionized water ~5 times to 
remove the finest particles. New, unloaded (i.e., devoid of preloaded resin) Bio-Rad Poly-Prep 
10 mL polypropylene ion exchange columns were used for chromatography and rinsed prior to 
use with 6 N HCl followed by deionized water. Ion exchange columns were not reused and were 
discarded after a single use. 
  
Standard Selection 
Currently, there is no internationally accepted standard for the measurement of Te 
isotopes as exists for other elements (e.g., oxygen, V-SMOW; sulfur, V-CDT; copper, NIST 976; 
etc.). For use as an in-house standard, we gravimetrically prepared a 1000 ppm solution of Te 
from an ingot of Johnson-Matthey Corporation (JMC), Alfa Aesar Puratronic 99.9999% pure 
Tellurium. This was used for establishing ion exchange protocols and to provide a standard for 
our Te isotope measurements. 
The Te standard solution was prepared by dissolving 0.5 g of Te in 10 mL aqua regia, 
made from 7.5 mL 10.7 N HCl and 2.5 mL 15.6 N HNO3, and heating on a hotplate at ~80° C to 
incipient dryness. This process was repeated two times to ensure complete dissolution. The dried 
residue was dissolved in 50 g 10.7 N HCl, and diluted with deionized water to 500 g total 
solution. The concentration of the standard was verified using a Hewlett-Packard (now Agilent) 
4500 quadrupole ICP-MS at the Ames Laboratory, Iowa State University using a Te standard 
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from High Purity Standards as a reference. 
 
Sample Selection 
 In order to develop methods for sampling, processing, and collection of Te isotope data 
on Au-Ag telluride minerals (Te
2-
) and native Te (Te
0
) from the hypogene environment, samples 
of tellurides and native tellurium were obtained from museum collections. The reason for using 
museum specimens for methods development was two-fold: first, individual mineral grains of 
tellurides tend to be larger than their more common counterparts in field samples or drill core, 
making microsampling easier; second, samples tend to be mono-mineralic, which aids in 
sampling single mineral phases and avoiding intimate intergrowths that are common between 
tellurides. The telluride grains used in this study typically ranged in size from 1 mm to ≤ 15 mm. 
Mineral species and locality of origin for the samples used in this study are summarized in Table 
1. 
These samples, although not spatially located (beyond the detail of the general locality of 
their collection), have served for methods development and to provide a general range of Te 
isotope compositions that may be expected for tellurides in the system Au-Ag-Te and native 
tellurium. Where possible, multiple samples from the same locality (e.g., Cripple Creek district, 
Colorado) were selected to assess isotopic variability within a given ore system.  
 
Making of Epoxy Mounts 
 Individual grains and/or Te-mineral bearing rocks were sent to Vancouver Petrographics 
for preparation of epoxy mounts (Vancouver Petrographics preparation method: Sand Percussion 
Drill Chips, Mill Concentrates, polished section, 25 mm diameter). Samples were mounted in 
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epoxy in 25 mm (diameter) x 10 mm (thickness) circular plastic rings and were polished to 
mirror-finish for petrographic observation, electron microprobe analysis, and mineral micro-
sampling for digestion.  
 
Petrography and Electron Microprobe for Mineral Identification 
 Epoxy mounts were examined using a polarizing, reflected light microscope, configured 
for opaque mineral identification, in order to confirm the mineral species identification provided 
by the various museums. As tellurides can be difficult to distinguish from one another solely on 
the basis of optical properties (with the exception of polysynthetically twinned sylvanite), as well 
as the fact that Au-Ag tellurides exist as solid solutions with variable Au and Ag content (e.g., 
krennerite, calaverite, sylvanite), the samples were also analyzed with an electron microprobe. 
The chemical compositions of the minerals were obtained using wavelength dispersive analysis 
by means of a JEOL JXA-8200 electron microprobe at Iowa State University.   
 
Micromilling 
 Individual grains that had been identified using petrographic techniques and electron 
microprobe analysis were sampled using a Merchantek (now New Wave Research) Micromill 
equipped with a Leica GZ6 microscope using techniques adapted from Charlier et al. (2006) and 
Li et al. (2010). Each epoxy-mounted sample was washed with ethanol and deionized water to 
remove any dust or other contaminants from the sample surface and then affixed to the micromill 
stage using a thermoplastic resin. Prior to drilling, the drill bit was rinsed using ethanol followed 
by deionized water. Using a micropipette, a drop of deionized water (≤ 20 µL) was placed on the 
sample directly over the Te-bearing phase for collection of the milled material for digestion.  
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The drill bit used was a Brasseler USA tungsten carbide bit (model #: 018554U0), that 
measured 44.5 mm long, 2.35 mm wide (at the chuck end), and had a 0.08 mm wide, conically-
tapered tip. The bit was set to sample between one and three immediately adjacent spots on a 
mineral grain, with each hole drilled to a depth of 50 µm. Where spatially possible, three spots 
were milled to maximize the mass of sample removed, but it is possible to collect an adequate 
mass of sample from one milled spot. The drill made two passes into each spot at plunge rates of 
24 µm/second and a dwell time (time the drill remained at the bottom of each spot) of 10 seconds 
to ensure complete removal of sample from the spot.  Each resulting crater was ~100 µm in 
diameter (Fig. 1). During drilling, the dislodged powder was suspended in the drop of deionized 
water, which was hand-collected using a micropipette upon the completion of drilling. The 
mineral dust slurry was transferred into a PFA beaker and heated to incipient dryness on a 
hotplate at ~80° C. The total mass of milled material is estimated to range from 20-50 µg. 
After micromilling and sample collection, reflected light petrography of each epoxy 
mount confirmed that the micromilled sample was from a discrete phase and that there was no 
contamination from telluride intergrowths, other ore minerals, gangue mineral phases, or the 
enclosing epoxy. 
Neither Charlier et al. (2006), who employed ion exchange chromatography for sample 
purification, nor Li et al.
 
(2010), who did not, reported appreciable contamination of their 
samples from the micromilling procedure. Nonetheless, to ensure that the micromilling process 
did not contaminate samples with W, Te, or other metals, we milled a quartz glass slide and 
processed the quartz samples by the same procedures used for tellurides and native Te. Solutions 
of these blanks were analyzed for W and Te concentrations both before and after the ion 
exchange procedure via ICP-MS. In both cases, the concentrations of W and Te were at or below 
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background for the instrument, suggesting no contamination of the sampled minerals by the drill 
bit. 
 
Sample digestion and reconstitution 
Microsampled tellurides and native Te were digested in 4 mL aqua regia (3 mL 10.7 N 
HCl + 1 mL 15.6 N mL HNO3) in capped, 15 mL PFA beakers on a ~80° C hotplate overnight. 
After digestion, the beakers were uncapped each solution was allowed to dry to incipient dryness 
and then removed from the hotplate. The dried Te-bearing residuum from the aqua regia 
digestion was dissolved in 2 mL 2 N HCl to generate aliquots for concentration measurement 
and for the ion exchange chromatography procedure. 
Although Se can be lost during acid digestion due to degassing
 
(e.g., Rouxel et al., 2002), 
this phenomenon was not observed during the Te digestion procedure presented here. For 
example, the gravimetric preparation of our internal Te standard, which involved digestion and 
evaporation of Te in aqua regia three times, yielded no loss of Te upon remobilization and ICP-
MS concentration analysis.  
To determine the blank concentrations of Te in reagents and Te that occurs by 
contamination as a result of sample processing, ten sample blanks were prepared for Te 
concentration in the manner described above, but without adding the telluride powder to the 
aqua regia.  
 
Ion Exchange Chromatography 
Although there is evidence that chromatography may be unnecessary for samples with a 
very high concentration of the element of interest
 
(Zhu et al., 2000; Graham et al., 2004)
 
, the 
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quantitative measurement of Te yield and fractionation during ion exchange is highly pertinent to 
future studies of Te isotope fractionation in geological materials with more complicated 
matrices. 
 
Yield Splits 
 To generate samples for yield calculations, 0.2 mL (10% by volume) of each 2 mL Te-
bearing HCl solution and the blank solutions was removed and placed into clean 15 mL 
centrifuge tubes for concentration analysis. The 0.2 mL splits were diluted to 2 mL in 2% HNO3 
and concentrations of Au, Ag, and Te for each sample were measured with a Hewlett-Packard 
(now Agilent) 4500 quadrupole ICP-MS at the Ames Laboratory, Iowa State University. The 
standards used for concentration determination were prepared from 1000 ppm Au in 10% HCl 
from Spex CertiPrep, 10 ppm Ag in 10% HNO3 from High Purity Standards, and the 
gravimetrically prepared and verified 1000 ppm Te in 10% HCl, described above. The remaining 
1.8 mL samples were diluted to 2.0 mL using 2 N HCl for loading onto the ion exchange resin. 
 
Procedure for Ion Exchange Chromatography 
The ion exchange chromatography procedure was developed and adapted based on 
techniques described by Fehr et al. (2004) who used this procedure to isolate Te from digested 
bulk chondrite samples and terrestrial sulfides. The procedure is depicted in Figure 2 and Table 
2. The purpose of ion exchange chromatography is to isolate the Te from matrix elements, 
including Au and Ag, thereby reducing the potential for matrix effects and isobaric and 
polyatomic interferences during MC-ICP-MS analysis. Of particular concern with Ag-rich 
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minerals is polyatomic interference of 
109
Ag
16
O and 
107
Ag
18
O, on mass 125, corresponding to 
125
Te, to which the isotopes ratios are calculated in this study. 
Chromatography columns were loaded with 2 mL AG 1-X8 anion exchange resin and the 
resin was cleaned with 10 mL of 1 N HNO3 followed by conditioning with 10 mL 2 N HCl. 
Blank solutions and solutions of Au-Ag-Te from all samples of tellurides and native Te were 
loaded onto the column in 2 mL 2 N HCl. Once the sample loading solution had eluted 
completely through the column, 23 mL of 2 N HCl was added to the columns and allowed to 
elute completely, followed by 1 mL 10 N HCl. This 26 mL of cumulative eluate contains the Ag 
from the original solution and was discarded. ICP-MS analyses of several dissolved mineral 
samples, performed both before and after they were subjected to chromatography, indicates 
removal of ~99% of the Ag by the chromatography procedure. The removal of Ag from Te 
solutions suggests that silver oxides are unlikely to cause significant polyatomic interferences on 
mass 125.  
 Clean, 60 mL PFA beakers were placed under the ion exchange columns to begin 
collection of eluted Te. Three mL of 10 N HCl was added to the column and allowed to elute 
through, followed by 9 mL of 1 N HNO3. This 12 mL of eluate contains the Te from the initial 
solution, with yields of ~96% as determined by ICP-MS. Although the majority of the Te elutes 
from the column in the HNO3, the subsequent volume of HCl and subsequent aliquots of HNO3 
were collected to ensure maximum yield. This collection procedure is effective for simple 
samples matrices consisting of Au-Ag-Te, but may need to be altered for isolation of Te from 
elements other than Au and Ag that may elute during the 12 mL interval. 
Analyses of aliquots collected every 2 mL show Au remained bonded to the ion exchange 
resin throughout the process, despite eluting a further 10 mL of 1 N HNO3 and 10 mL of 
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deionized water through the resin (Fig. 1). The resin-bonded Au was discarded with the column 
upon completion of elution. 
 Sample blanks of 2 mL sequential aliquots yielded Te concentrations below the detection 
limit (0.7 ppb) of the ICP-MS, whereas sample concentrations of Te were on the order of 1000s 
of ppb, suggesting that there is no appreciable Te in laboratory reagents or as a contaminant from 
sample processing. 
 Though Ag yields were not measured for the volumes of eluent during which the majority 
of it is eluted, the effective separation of Te and Ag suggests the possibility of using or adapting 
this method for single-column chromatographic separation of Te and Ag for analysis. Silver and 
Te are elements of particular interest in Au mineralizing systems as all three elements are 
commonly associated and may be subject to similar transport and deposition mechanisms, 
processes which may be elucidated by stable isotope analysis. 
 
Determination of Te Isotope Fractionation by Ion Exchange Chromatography 
To determine the extent of fractionation caused by the ion exchange process, 50 µg 
aliquots of the in-house Te standard solution were collected at 1 mL increments over the 12 mL 
of the ion exchange elution curve during which Te is eluted from the resin (i.e., 28-40 mL 
cumulative eluate; Fig. 2) (e.g., Maréchal and Albarède, 2002). It was expected that the solutions 
eluted in early aliquots would be isotopically heavy, and those in later aliquots to be isotopically 
light, relative to our standard, noting, however, that when mass balance calculations are 
completed, no net fractionation should occur between the standard and the aliquots run through 
the columns (e.g., Maréchal and Albarède, 2002). The concentration of Te in each 1 mL 
incremental sample was only sufficiently high to measure on the MC-ICP-MS for three of the 
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twelve samples. However, these three samples contained ~96% of the Te eluted over the 12 mL 
interval (Fig. 3A). In addition to the individual aliquots collected at 1 mL intervals, a bulk 
aliquot of the Te standard was collected over all 12 mL in order to ensure that the ion exchange 
procedure induces no net fractionation of Te during chromatography. 
 
Multiple-Collector Inductively Coupled Plasma Mass Spectrometry 
System Configuration 
 Isotopic measurements were made at the Geological Survey of Canada (GSC) using a Nu 
Instruments Nu Plasma MC-ICP-MS equipped with a Cetac Aridus II desolvating nebulizer and 
a Cetac ASX-110FR autosampler. All operating parameters, such as gas flow rates as well as 
acceleration and focusing voltages, were optimized daily. Typical operating conditions are 
presented in Table 3. 
 Methods were developed to measure the samples using both solution nebulization (wet) 
and using the Aridus II (dry). For solution nebulization, solutions were introduced  at a rate of 
200 μL/min into the plasma at a Te concentration of 2 ppm in a matrix of 0.5 N HNO3 using a 
Glass Expansion MicroMist nebulizer and a peltier cooled Glass Expansion Cinnabar spray 
chamber operating at 2° C to reduce the aqueous load entering the ICP. For sample introduction 
using the Aridus II, solutions were introduced at a rate of 100 μL/min and at a concentration of 
0.1 ppm (100 ppb) in 0.5 N HNO3, again using a Glass Expansion MicroMist nebulizer. Different 
nickel sampler and skimmer cones were used for wet- and dry-plasma operating conditions as 
per the recommendation of Nu Instruments. In the case of wet plasma operation, a Nu 
Instruments ‘Version A’ sampler cone with a 1.15 mm orifice was used (Nu Instruments OEM 
part # 319-285) in conjunction with a ‘Version A’ skimmer cone (part # 319-497), whereas the 
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Aridus II nebulization method employed a Nu Instruments ‘Version B’ sampler cone with a 0.09 
mm orifice (part #: 319-541) and a ‘Version B’ skimmer cone specified for dry plasma 
conditions (part #: 319-540). Standard and sample solutions were doped with 1 ppm (solution 
nebulization) or 100 ppb (Aridus II nebulization) Cd (from a High-Purity Standards™ ICP 1000 
ppm Cd standard) to perform a mass bias correction.  
Although Baesman et al. (2007) used In as an internal standard for mass bias correction, 
ostensibly due to the lack of potential oxide and nitride interferences on Te masses, a linear 
relationship between In and Te isotope ratios was not achieved in our early Te isotope calibration 
experiments. Additionally, there exists the possibility of In polyatomic interferences on mass 
129, a mass that we monitored to correct for temporal changes in the signal intensity of Xe (in 
the Ar plasma), which has isobaric overlaps with several Te isotopes. 
 
Measurement Protocol 
Isobaric interferences occur on the Te isotopes of mass number 120, 122, 123, 124, 126, 
128, and 130 from the elements Sn (masses 120, 122, 123), Xe (masses 126, 128, 130), and Ba 
(mass 130).  Tin also produces isobaric interferences on the dopant element, Cd (masses 112, 
114, and 116). Xenon is ubiquitously present in the argon gas used for plasma generation in the 
ion source of the MC-ICP-MS. Neither Ba nor Sn are known to occur in significant 
concentration in natural tellurides. In order to correct the interferences of Xe on the Te isotopes 
and ensure that interference from Sn on Te and Cd isotopes were negligible, signal intensities at 
masses 129 (Xe) and 118 (Sn) were measured. Higher masses such as 135 and/or 137, at which 
Ba is not interfered with by Xe were not monitored to assess potential interference from Ba 
during analysis due to limitations in the intervals at which masses can be measured by the 
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Faraday cups in the instrument. However, the absence of Ba in naturally occurring tellurides 
coupled with the low natural abundance of 
130
Ba (0.11%), as well as the high natural abundance 
of 
130
Te (33.8%) would likely preclude significant isobaric interferences of Ba on mass 130. 
Likewise, the spacing of the Faraday cups prevented the measurement of 
111
Cd, which has no 
interferences. 
Because of the fixed positions of the Faraday cups on the Nu Plasma instrument and mass 
range of the isotopes of interest, signals were measured in two cycles, acquired alternately 30 
times for 5 seconds each and averaged to provide one analysis (Table 3). Mass 122 was 
measured in both cycles to ensure the consistency of signals measured during both cycles. Cycle 
1 measurements were centered on axial mass 128 and cycle 2 was centered on axial mass 114. 
The detectors were calibrated to a zero value at the beginning of each cycle by deflecting the ion 
beam and measuring the background signal. 
Each sample was measured between three and five times using standard-sample-standard 
bracketing in which the standard was analyzed before and after each individual sample analysis. 
Individual analyses took ~11.5 minutes each, including 1.5 minutes of wash-out and 1 minute of 
sample uptake time. Approximately 1.7 µg Te is required for each wet plasma analysis, whereas 
~0.9 µg Te is required for each dry plasma analysis. Signal intensities were typically 4 V for 
mass 130 (Te) for both wet and dry plasma methodologies, whereas the signal for 116 (Cd) was 
0.8 V and 1.6 V for wet and dry plasma analyses, respectively.   
 
Assessment of Polyatomic Cd Interferences 
 
To assess the effects and magnitude of nitride, oxide, and hydroxide polyatomic 
interferences of Cd on the various Te masses measured using both wet and dry plasma methods, 
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signal intensities on Te masses were measured using Cd solutions in 0.5 N HNO3 at various Cd 
concentrations under the wet and dry operating conditions. For the wet plasma method, blank, 1 
ppm, and 10 ppm solutions were used. For the dry plasma method, blank, 100 ppb and 1000 ppb 
(1 ppm) solutions were used. These concentrations represent the background signal in the MC-
ICP-MS, the signal using the matrix in which Te isotope data was collected (i.e., 1 ppm Cd  wet, 
100 ppb Cd dry), and a solution with 10 times the Cd concentration used in Te-bearing solutions. 
Should polyatomic interferences be present, the signal levels should be detectable above 
background signal levels and increase one order of magnitude with the ten-fold increase in 
concentration. The signals on Te masses from each solution concentration (sample concentration, 
10x sample concentration) were measured five times and bracketed against the blank 0.5 N 
HNO3 solution. These measurements were repeated daily to account for any temporal shift in 
nitride, oxide, and hydroxide generation. 
 
Data Reduction 
 Corrections for isobaric interferences on Te masses by Xe were calculated during 
analysis based on equations 1 and 2 using the Nu Instruments Calculation Editor (NICE) 
program. Mass bias between the Te signal and the Xe analyte were corrected using the 
exponential mass bias law.   
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Where, in equation 1,  I(
i
Tecorrected) is the corrected signal for mass 
i
Te, 
i
Te is the measured signal 
intensity, I
129
Xe is the measured signal for 
129
Xe, R
i/129
Xe is the theoretical ratio of masses 
i
Xe 
and 
129
Xe, and the denominator is the ratio of the atomic masses of 
i
Xe and 
129 e. Epsilon ( ) is 
calculated from equation 2, where R
(116/114)
true is the theoretical ratio of 
116
Cd to 
114
Cd, 
R
(116/114)
meas is the measured ratio of 
116
Cd to 
114
Cd, and is divided by the ratio of the two 
masses, 116 and 114. 
These corrections assume that the abundances of nuclides of Xe in the plasma and Cd in 
samples and standards are approximately equivalent to their nominal natural abundances. Data 
correction during isotope measurement cycles allows for accurate correction despite potential 
temporal variation in the concentration of Xe in the Ar plasma. 
The signal for mass 118 (
118
Sn) was monitored to ensure that it remained at background 
levels. For all samples reported here, the Sn signal never rose above background levels and, 
therefore, isobaric and polyatomic Sn interferences are considered negligible. 
After applying isobaric interference corrections, Te isotope data were calculated by 
application of a mass bias correction based on the corrected Cd isotope ratios. Figures 4a-e show 
the closely coupled nature of instrumental Cd and Te fractionation.  Mass-bias corrected Te 
isotope ratios were calculated using equation 3, which was modified after Peel et al.
 
(2008), 
where x is the atomic mass of Te that is being measured, and m is the slope of the linear 
relationship derived from Figure 4.   
 
(3)   
 Te/125Te)true  = ln  Te/125Te)     [(   
116Cd/114Cd)           
116Cd/114Cd)        )   ] 
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Each reported δ-value for Te was based on the corrected (Xe subtracted) signal intensities 
derived using equations 1 and 2 and from the mass bias correction using equation 3, and is 
presented using standard delta notation (equation 4). 
 
(4)                                                    δ /125Te   [(
  Te/125Te)true
  Te/125Te)std
)    ]       
 
  Previous studies have reported Te δ-values relative to 122Te (e.g., Smithers and Krouse, 
1968), 
124
Te (e.g., Smith et al., 1978) and 
128
Te (e.g., Fehr et al., 2004). Although it is common to 
report isotope data and δ-values relative to the lightest mass due to the potential for the largest 
mass differences between light and heavy isotopes, the low relative abundance of 
120
Te (~0.1%) 
and 
122
Te (~2.6%)  results in relatively large associated uncertainties during analysis. The data in 
this study are reported relative to 
125
Te because it is the lightest isotope of Te with reasonable 
abundance (~7.1% nominal abundance), 
125
Te lacks isobaric interferences with Xe, and 
polyatomic interferences with Ag oxides on mass 125 can be avoided due to the removal of Ag 
by chromatography.  
 In this study, uncertainties are reported as ± 2σ of the mean of multiple analyses for 
repeated measurements of individual samples. The average uncertainty of individual analyses  
using the wet method was ±0.08 per mil for measurements of 
130/125
Te, whereas using the Aridus 
II, precision decreased to ±0.20 per mil. Although the dry method, using the Aridus II, requires 
lower concentrations of sample and reduces the potential for oxide and/or hydride polyatomic 
interferences (specifically of Cd), the dry method, which uses the Aridus II, incorporates more 
uncertainty as the Aridus II is very sensitive to changes in environmental conditions 
(specifically, changes in humidity and the accumulation of static electrical charge that affects 
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charged analytes) that can affect sample uptake and analysis (e.g., Elburg et al., 2005; Gallon et 
al., 2008). 
The long-term reproducibility of Te isotope measurements has been assessed by repeated 
measurement of our Te standard against a similar Te solution prepared at the Geological Survey 
of Canada, which was also gravimetrically prepared using a 99.9999% Te Alfa Aesar ingot from 
Johnson Matthey Corporation. Reproducibility of standard measurements, collected over a 
period of 15 months, is ±0.10 ‰ and ±0.19 ‰ for 130/125Te (2 S.D.) using wet and dry plasma 
operating conditions, respectively. This process of comparing our internal standard to another 
standard was repeated on the first day of every extended analytical session. 
 Per mil fractionation per amu (‰ amu-1) was calculated for all isotope pairs (130/125Te, 
128/125
Te, 
126/125
Te, 
124/125
Te, 
122/125
Te) for both methods of data collection to ensure consistency in 
mass-dependent fractionation for all isotope pairs (Table 4; Fig. 6). 
 
Results and Discussion 
Fractionation during Ion Exchange Chromatography 
 Analyses of sequential aliquots of the standard solution collected during the ion exchange 
procedure demonstrate that isotopic fractionation does occur as a result of the chemical kinetics 
of the ion exchange process, which induce equilibrium isotope fractionation. Isotopically heavy 
Te is eluted from the column first, followed by isotopically light Te in the later fractions. In the 
5-6 mL elution aliquot, δ130/125Te = 2.92 ± 0.11 ‰, the second aliquot from 6-7 mL yielded 
δ130/125Te = -0.67 ± 0.03 ‰, and the third, from 7-8 mL, δ130/125Te = -2.18 ± 0.02 ‰ (Fig. 3B, 
Table 4). The mass balance of the three aliquots analyzed, calculated by equation 5, yields a 
cumulative value of δ130/125Te of 0.06 ± 0.16 ‰, and the δ130/125 value of the standard subject to 
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the ion exchange procedure is 0.03 ± 0.07‰. Both of these values are statistically identical to the 
value of the standard solution, 0.00 ± 0.03 ‰.  
 
(5)                                                          δ /125Tenet  ∑   )(δ
 /125Te )
 
    
 
 
Where f represents the fraction of total Te eluted in aliquot y and δ130/125Tey is the δ
130/125
Te value 
for aliquot y. Although the ion exchange procedure induces isotopic fractionation, at Te yields of 
~96%, there is no measurable net fractionation of Te isotopes in the cumulative eluate.  
 
Use of Cadmium as a Dopant for Mass-Bias Correction 
Fehr et al.(2004) found that appreciable amounts of Cd (Cd/Te ratio >0.25) led to 
significant oxide ± hydroxide ± nitride isobaric interferences of Cd on several of the masses of 
Te measured on their Nu Plasma MC-ICP-MS used with a desolvating nebulization system, 
which seemingly precludes the use of Cd as a dopant for Te isotope analysis. Over a period of 
five days, the effect of high Cd concentrations on Te isotope ratios was measured daily on the 
MC-ICP-MS at the GSC, and the average of the results are presented in Table 5. 
For solution measurements of the 10 ppm Cd solution, very small signals (max. 8.6 x 10
-5
 
V) at the masses of several Te isotopes can be detected (Table 5), which suggests that Cd 
polyatomic ions are forming at measurable levels. However, at Cd concentrations of 1 ppm used 
for wet plasma solution measurements, the signals at mass numbers 130 (at which the largest 
CdO interference occurs) and 128 (at which the largest CdN interference and second largest CdO 
interference occurs) are increased from background by only 8.4 × 10
-6
 volts and 6.4 × 10
-6
, 
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respectively. This compares to a signal of ~4 V that typifies 2 ppm Te solutions, and gives rise to 
an error on the order of 10
3
 times less than the 1σ standard error of sample analyses. The effect 
of such signal increases on the resultant isotope ratios is on the order of ±0.005 ‰, which is well 
within the uncertainty reported for the analyses. As such, the signal increase caused by Cd 
polyatomic interferences generated during solution nebulization analysis is considered to have a 
statistically insignificant effect on final Te isotope measurements. 
Using the Aridus II, clear relationships between Cd concentration and polyatomic ion 
signals were not observed, likely as a result of the desolvation process, which removes H2O and 
HNO3 from the sample solutions, and reduces the formation of Cd nitrides, oxides, and 
hydroxides. Increases in signal are easy to quantify as, in some cases, background levels are 
extremely low and below zero (i.e., masses 128 and 130). On other masses, the background 
signal was stronger than those generated by 100 ppb and/or 1 ppm Cd solutions (i.e., masses 122 
and 126). As with the solution measurements, any increase in signal intensity is on the order of 
10
3
 times less than the uncertainty of analysis. It is important to note that using the Aridus II, 
background signals for blank solutions on masses 124, 125, and 126 were unusually high in 
comparison to those measured using wet plasma. The causes of these increases in background 
level remain unknown, but have the potential to significantly affect isotope ratio accuracy and 
precision when analyzing Te isotopes using the dry plasma method. 
 The data presented in Table 5 suggest that, at Cd/Te concentration ratios of 1, Cd 
polyatomic interferences were insignificant for both the wet- and dry-plasma methodologies. 
This is in line with predictions based on Cd having one of the lowest M-O bond enthalpies of any 
element (Cd-O bond enthalpy = 236 kJ/mol). Careful attention to matching the Cd/Te ratio in 
both samples and standards will have reduced any deleterious effects of the small polyatomic ion 
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interferences still further. The strong correlation between the variations of 
116/114
Cd to the various 
isotope pairs of Te in the standard solution demonstrates the close coupling of temporal shifts in 
mass bias of both Cd and Te (Fig. 4), making it extremely effective at reducing uncertainty 
associated with fluctuations in mass bias of the MC-ICP-MS. 
 
 
Comparison of Wet and Dry Plasma Methods  
 A direct comparison of the δ130/125Te and per mil per mass unit difference data for six 
samples analyzed using both the wet and dry plasma methods is presented in Figures 5 and 6. 
Within uncertainty, the data from both methods are identical; however, for most samples, the 
precision is decreased significantly between the wet and dry methods.  
The decreased precision of data obtained using the dry method (Table 5, Fig. 6) may be 
reflected in the variability of fractionation per mass difference or is a product of relatively high 
background signals on masses 124, 125, and 126. Nonetheless, the values are still within 
analytical uncertainty of a 1:1 relationship with (δ130/125Te)/5. This potentially accounts for the 
deviation of the 
124/125
Te data from the 1:1 linear relationship using the Aridus II (though still 
within error) and the decrease in overall precision. The 
124/125
Te data of the same samples 
analyzed using the wet plasma method show a stronger 1:1 correlation (Fig. 6E,F).   
 
Results from natural samples 
 Natural samples show a range of stable Te isotope fractionation of up to ~0.33‰ amu-1 
(Table 6, Fig. 7). Calculations of per mil fractionation per mass difference, within analytical 
error, fall along a 1:1 line of ‰ amu-1 relative to (δ130/125Te)/5, indicating that there is little 
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evidence for mass-independent fractionation as a cause of isotope differentiation in natural 
tellurides and native Te. Fehr et al. (2005) also found little evidence for mass-independent 
fractionation by measuring the Te isotope ratios of seven terrestrial sulfides and internally 
normalizing their data. The strong correlation of ‰ amu-1 for all isotope pairs suggests that Te 
isotope data are not compromised by isobaric interferences. 
The natural samples of telluride and native Te analyzed, though small in number, 
demonstrate a total δ130/125Te range of 1.64 ‰, from -1.00 ± 0.09 ‰ to 0.64 ± 0.14 ‰, relative to 
our standard (Fig. 7, Table 5). These results are difficult to compare to those from sulfides 
reported by Fehr et al. (2005), whose data that were not internally normalized and measured by 
sample-standard bracketing method had relatively large uncertainties of ±2 ‰ for δ 130/125Te. Of 
note is that natural specimens are both isotopically heavier and lighter than our Alfa Aesar 
standard solution, suggesting that the industrial purification process used by Alfa Aesar induces 
no extreme fractionation of Te isotopes relative to naturally-occurring fractionation of Te 
isotopes. 
The total range of δ130/125Te for this study of tellurides and native tellurium from various 
hypogene ore systems is similar to that demonstrated for isotopes of transition metals from 
hypogene ore environments (e.g., Cu with ~2 ‰ range, Mathur et al., 2009; Mo with ~1.6 ‰ 
variation, Mathur et al., 2010) and, as e pected, is less than the 3.7 ‰ e hibited by magmatic-
sourced Se in sulfides and argillites related to volcanogenic metallic mineralization (Layton-
Matthews et al., 2013). Additionally, there is discernible variability in Te isotope ratios among 
samples, even for a single mineral phase, collected from the same locality (e.g., Cripple Creek, 
Colorado), giving credence to the possibility that spatial variations of Te isotope compositions 
can be resolved at the deposit scale. 
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Given that the samples used in this study are poorly constrained in the geologic sense 
(e.g., vein stage, specific location, temperature of formation, etc.) and the small sample size for 
certain mineral phases, general isotopic trends for individual tellurium-bearing minerals are 
difficult to assess. Data from this study demonstrate that calaverite and native Te span the 
majority of the 1.6 ‰ range of δ130/125Te, whereas sylvanite shows a slightly narrower range at ~-
0.8 to 0.4 ‰ and the three krennerite samples have a Te isotope composition below 0 in 
δ130/125Te. The precise mechanisms of Te fractionation in Te-bearing minerals will be assessed in 
a future study. 
 
Conclusions 
1. Tellurium from tellurides and native Te can be isolated from matrix elements (e.g., Ag, 
Au) using ion exchange chromatography. The separation procedure provides Te yields of 
~96% and causes no discernible net fractionation of Te in the composite eluate. The 
procedure has the potential for the quantitative recovery of Ag. 
2. The presented methods allow accurate and precise measurements of 100 or 2000 ppb Te 
under dry and wet plasma conditions, respectively. Analyses using wet plasma conditions 
provide superior precision compared to dry plasma at ±0.08 ‰ for 130/125Te under wet 
conditions versus ±0.20 ‰ under dry conditions.  
3. Doping of samples and standards with Cd is an effective procedure by which the effects 
of temporal variations in mass bias can be removed from the Te isotope data. Polyatomic 
interferences of Cd on Te masses are negligible at the Cd concentrations used for 
analysis. 
4. Naturally occurring samples of tellurides and native tellurium demonstrate a δ130/125Te 
26 
 
range of 1.64 ‰, and there is statistically significant variability in samples collected from 
the same ore deposit. The variations in isotopic composition of Te-bearing ore minerals 
are controlled by mass-dependent fractionation processes. 
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Figures 
 
Fig. 1. A) Grain of native tellurium mounted in epoxy (dark color) prior to micromilling. B) The 
same grain after micromilling and sample collection. Both shown using reflected light 
microscopy. In this example, two immediately adjacent spots were milled to increase sample 
recovery. The irregular edges of the crater are a result of increased friability of the grain during 
milling of the second spot due to the absence of buttressing material removed from the first spot.  
 
Fig. 2. Elution curve for the elements Ag and Te showing the mass of metal eluted at 2 mL 
elution intervals as well as a graphical representation of the ion exchange procedure (nature and 
volume of eluents). Note that Au is not plotted because Au concentrations in each aliquot never 
exceeded background levels. 
 
Fig. 3. A) Cumulative eluted fraction for Te during ion exchange chromatography, and B) 
δ130/125Te of the three aliquots with sufficient concentration for analysis. 
 
Fig. 4.  Linear correlation between A)
130/125
Te, B) 
128/125
Te, C)
126/125
Te, D) 
124/125
Te, and E) 
122/125
Te, all relative to 
116/114
Cd. The elements used in these tests were our internal Te isotope 
standard and a Cd ICP standard from High Purity Standards. Data were collected using the wet 
plasma method and in four separate analytical sessions over a period of 15 months. 
 
Fig. 5. Comparison of per mil fractionation per amu (‰ amu-1) of six samples analyzed using 
both the wet and dry plasma methods. The ‰ amu-1 values of 130/125Te are plotted against those 
calculated for 
128/125
Te (A: dry, B: wet); 
126/125
Te (C: dry, D: wet); 
124/125
Te (E: dry, F: wet), and 
122/125
Te (G: dry, H: wet). Samples represented by symbols:  - CH-2, calaverite;  - 139386, 
calaverite; ○ - BAM-1, native tellurium;  - CH-2, calaverite; ▼ – M23798, krennerite;  - 
CH-3, calaverite. Linear 1:1 relationship line plotted for reference. 
 
Fig. 6. Comparison of δ130/125Te data using wet plasma (closed circles) and dry plasma (open 
circles) conditions. Note the increase in standard error associated with the dry plasma method. 
Error bars represent two standard deviation of the mean of multiple analyses. 
 
Fig. 7. Distribution of δ130/125Te data using wet plasma conditions discriminated by mineral and 
locality. Mineral formulae and sample location are in Table 1. Error bars represent two standard 
deviation of the mean of multiple analyses. 
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Tables 
 
 
Table 1 
Sample number, mineral phase, chemical formula, and localities for samples analyzed in this study 
Sample Mineral Phase Ideal chemical formula Locality 
CH-2† Calaverite AuTe2 Kalgoorlie, Western Australia 
139386† " " Deadwood Mine; Cripple Creek, Colorado 
DMNS 15996* " " Cresson Mine; Cripple Creek, Colorado 
DMNS 12951* " " Cripple Creek, Colorado 
E1924† " " Cripple Creek, Colorado 
CH-1† " " Kalgoorlie, Western Australia 
CH-3† " " Kalgoorlie, Western Australia 
DMNS 6452* Krennerite (Au,Ag)Te2 Cripple Creek, Teller County, Colorado 
DMNS 13228* " " Cripple Creek, Colorado 
M23798† " " Kalgoorlie, Western Australia 
DMNS 27* " " Good Hope Mine; Gunnison County, Colorado 
DMNS 11051* Native Te Te Klondike Mine; Finley Gulch, Saguache County, Colorado 
DMNS 12515* " " Good Hope / Mammoth Chimney Mine; Gunnison County, Colorado 
DMNS 9843-2* " " Good Hope / Mammoth Chimney Mine; Gunnison County, Colorado 
DMNS 9843-1* " " Good Hope / Mammoth Chimney Mine; Gunnison County, Colorado 
DMNS 9329* " " Good Hope / Mammoth Chimney Mine; Gunnison County, Colorado 
DMNS 14978* " " Cripple Creek, Colorado 
DMNS 15585* " " Rex Mine; Gold Hill District, Boulder County, Colorado 
DMNS 12895* " " Phoenix Cross Mine; Boulder County, Colorado 
DMNS 10960* " " Boulder County, Colorado 
BAM-1† " " Bambolla Mine; Moctezuma, Sonora, Mexico 
M40600† " " Gunnison, Colorado 
M33684† Petzite Ag3AuTe2 Rice Lake Mine; Manitoba 
DMNS 5950* Stützite Ag5-xTe3 Golden Fleece Mine; Lake City, Colorado 
DMNS 15579* " " Rex Mine; Gold Hill District, Boulder County, Colorado 
DMNS 11049* Sylvanite (Au,Ag)2Te4 Forest Queen Mine; Cripple Creek, Colorado 
DMNS 5113* " " El Paso Mine; Cripple Creek, Colorado 
M39285† " " Kalgoorlie, Western Australia 
DMNS 8668* " " Boulder County, Colorado 
DMNS 477* " " May Day Mine; La Plata District, Colorado 
DMNS 480-1* " " May Day Mine; La Plata District, Colorado 
DMNS 480-2* " " May Day Mine; La Plata District, Colorado 
Samples from: *Denver Museum of Natural Science, Denver, CO; †Smithsonian National Museum of Natural History, Washington, DC. 
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Table 2 
Protocol for Ion Exchange Chromatography 
Solution Volume (mL) Notes 
Bio-Rad AG 1-X8 Resin 2 Load resin 
1 N HNO3 10 Resin cleaning 
2 N HCl 10 Resin conditioning 
Sample dissolved in 2 N HCl 2 Load sample 
2 N HCl 23 Ag eluted 
10 N HCl 1 Discard all eluent 
10 N HCl 3 Begin collection, Te eluted 
1 N HNO3 9 Te eluted, Au remains on resin 
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Table 3 
Operating conditions and collector configuration used on the Nu Plasma MC-ICP-MS 
Instrument Parameters: 
               Coolant Ar flow 13.0 L/min 
              Auxiliary Ar flow 0.9 L/m 
              RF power 1300 W 
              
                Wet operating conditions 
               Nebulizer Glass Expansion MicroMist 
            Nebulizer Ar pressure 31 PSI 
              Sample uptake rate 200 μL/min 
              Spray chamber type Glass Expansion Cinnabar 
            Spray chamber temp. 2° C 
              
                DSN operating conditions 
               Nebulizer Glass Expansion MicroMist 
            Nebulizer Ar pressure 33 PSI 
              Sample uptake rate 100 μL/min 
             
 
Spray chamber temp. 105° C 
              Spray chamber Ar flow 0.15 L/min 
              Desolvating temp. 110° C 
              Membrane Ar flow 3.6 L/min 
              
                
Faraday collector configuration                             
Position H6 H5 H4 H3 H2 H1 Ax L1 L2 IC 1 L3 IC 2 L4 IC 3 L5 
Cycle 1                               
Mass measured not used not used 130 129 128 not used 126 125 124 not used 122 not used 120 not used 118 
Element(s) on mass 
  
Ba, Xe, Te Xe 
Xe, 
Te 
 
Xe, 
Te Te Xe, Te, Sn 
 
Te, Sn 
 
Te, Sn 
 
Sn 
                                
Cycle 2 
               Mass measured 122 120 118 117 116 not used 114 113 112 not used 110 not used not used not used not used 
Element(s) on mass Te, Sn Te, Sn Sn Sn 
Sn, 
Cd   
Sn, 
Cd 
In, 
Cd Sn, Cd   
Cd, 
Pd         
 
 
 
 
3
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Table 4 
Isotopic composition (in per mil) and fraction of total Te in ion exchange column cuts 
mL Elution Fraction  δ130/125Te 2σ ‰ amu-1 δ128/125Te 2σ ‰ amu-1 δ126/125Te 2σ ‰ amu-1 δ124/125Te 2σ ‰ amu-1 δ122/125Te 2σ ‰ amu-1 
5-6 mL 0.26 2.92 0.11 0.58 1.71 0.07 0.57 0.55 0.03 0.55 -0.57 0.12 0.57 -1.79 0.10 0.60 
Cumulative δ value (‰) 
 
2.92 0.11 
 
1.71 0.07 
 
0.55 0.03 
 
-0.57 0.12 
 
-1.79 0.10 
 
                 6-7 mL  0.58 -0.67 0.03 -0.13 -0.44 0.01 -0.15 -0.16 0.07 -0.16 0.19 0.11 -0.19 0.47 0.01 -0.16 
Cumulative δ value (‰) 
 
0.37 0.14 
 
0.19 0.08 
 
0.05 0.10 
 
-0.04 0.23 
 
-0.19 0.11 
 
                 7-8 mL 0.14 -2.18 0.02 -0.44 -1.37 0.05 -0.46 -0.49 0.10 -0.49 0.54 0.19 -0.54 1.46 0.21 -0.49 
Cumulative δ value (‰) 
 
0.06 0.16 
 
0.00 0.13 
 
-0.02 0.20 
 
0.04 0.42 
 
0.01 0.32 
 
                 Standard (0-12 mL) 0.96 0.03 0.07 0.01 0.02 0.05 0.01 0.03 0.09 0.03 -0.04 0.11 0.02 0.01 0.02 0.00 
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Table 5 
Signal voltages on Te masses of Cd polyatomic interferences 
Wet Plasma 
      Mass Number 130 128 126 125 124 122 
Blank Signal 3.75E-05 1.93E-05 1.19E-05 6.32E-06 1.56E-05 8.18E-06 
       1 ppm Signal 4.59E-05 2.58E-05 2.72E-06 2.72E-06 2.02E-05 1.40E-06 
Signal - Blank 8.41E-06 6.44E-06 -9.15E-06 -3.60E-06 4.62E-06 -6.78E-06 
       10 ppm Signal 1.23E-04 9.70E-05 8.56E-06 8.56E-06 3.03E-05 2.11E-05 
Signal - Blank 8.60E-05 7.76E-05 -3.31E-06 2.24E-06 1.47E-05 1.29E-05 
       Dry Plasma 
      Blank Signal -6.61E-06 -7.16E-06 1.34E-02 4.94E-03 2.96E-03 1.17E-05 
       100 ppb Signal 6.45E-06 5.79E-06 1.32E-02 4.88E-03 2.90E-03 1.24E-05 
Signal - Blank 1.31E-05 1.29E-05 1.39E-02 -5.56E-05 -6.10E-05 6.64E-07 
       1 ppm Signal 4.87E-06 4.78E-06 1.32E-02 1.39E-02 3.08E-03 3.54E-06 
Signal - Blank 1.15E-05 1.19E-05 -1.47E-04 8.97E-03 1.27E-04 -8.19E-06 
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Table 6 
Stable Te isotope compositions (in per mil) of tellurides and native tellurium using wet and dry plasma methods*     
W
e
t 
P
la
sm
a
 M
e
th
o
d
 
Sample (mineral) # Analyses δ130/125Te 2σ 
‰ amu-
1 δ128/125Te 2σ 
‰ amu-
1 δ126/125Te 2σ 
‰ amu-
1 δ124/125Te 2σ 
‰ amu-
1 δ122/125Te 2σ 
‰ 
amu-1 
CH-2 (cal) 4 0.51 0.06 0.10 0.32 0.06 0.11 0.11 0.05 0.11 -0.08 0.19 0.08 -0.31 0.25 0.10 
                 
139386 (cal) 4 0.23 0.12 0.05 0.14 0.12 0.05 0.02 0.04 0.02 -0.06 0.14 0.06 -0.19 0.13 0.06 
                 
DMNS 15996 (cal) 5 -0.11 0.08 -0.02 -0.05 0.05 -0.02 0.01 0.02 0.01 0.00 0.07 0.00 0.04 0.07 -0.01 
                 
DMNS 12951 (cal) 5 -0.14 0.08 -0.03 -0.09 0.05 -0.03 -0.03 0.02 -0.03 0.03 0.07 -0.03 0.07 0.07 -0.02 
                 
E1924 (cal) 4 -0.53 0.19 -0.11 -0.33 0.12 -0.11 -0.09 0.10 -0.09 0.10 0.06 -0.10 0.30 0.16 -0.10 
                 
CH-1 (cal) 4 -0.58 0.13 -0.12 -0.35 0.11 -0.12 -0.12 0.13 -0.12 0.12 0.17 -0.12 0.45 0.25 -0.15 
                 
CH-3 (cal) 4 -1.00 0.09 -0.20 -0.63 0.1 -0.21 -0.22 0.13 -0.22 0.19 0.19 -0.19 0.57 0.22 -0.19 
                 
DMNS 6452 (kren) 4 -0.09 0.09 -0.02 -0.03 0.03 -0.01 0.00 0.06 0.00 0.03 0.03 -0.03 0.05 0.02 -0.02 
                 
DMNS 13228 (kren) 4 -0.25 
-
0.05 -0.05 -0.14 0.12 -0.05 -0.07 0.04 -0.07 0.05 0.13 -0.05 0.01 0.34 0.00 
                 
M23798 (kren) 4 -0.84 0.06 -0.17 -0.51 0.06 -0.17 -0.17 0.03 -0.17 0.21 0.13 -0.21 0.52 0.27 -0.17 
                 
DMNS 27 (Te) 5 0.64 0.14 0.13 0.38 0.13 0.13 0.11 0.11 0.11 -0.10 0.06 0.10 -0.46 0.15 0.15 
                 
DMNS 11051 (Te) 4 0.62 0.11 0.12 0.39 0.06 0.13 0.13 0.03 0.13 -0.09 0.05 0.09 -0.39 0.13 0.13 
                 
DMNS 12515 (Te) 3 0.58 0.07 0.12 0.35 0.04 0.12 0.11 0.06 0.11 -0.10 0.1 0.10 -0.37 0.19 0.12 
                 
DMNS 9843-2 (Te) 4 0.28 0.03 0.06 0.18 0.02 0.06 0.07 0.01 0.07 -0.06 0.2 0.06 -0.21 0.17 0.07 
                 
DMNS 9843-1 (Te) 4 0.24 0.10 0.05 0.15 0.04 0.05 0.07 0.05 0.07 -0.04 0.06 0.04 -0.20 0.13 0.07 
4
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DMNS 9329 (Te) 4 0.23 0.08 0.05 0.15 0.04 0.05 0.06 0.04 0.06 -0.02 0.15 0.02 -0.19 0.26 0.06 
                 
DMNS 14978 (Te) 4 0.19 0.06 0.04 0.13 0.04 0.04 0.05 0.03 0.05 -0.01 0.05 0.01 -0.16 0.13 0.05 
                 
DMNS 15585 (Te) 4 0.03 0.09 0.01 0.04 0.02 0.01 0.00 0.09 0.00 -0.03 0.08 0.03 -0.12 0.18 0.04 
                 
DMNS 12895 (Te) 3 -0.02 0.06 0.00 0.01 0.06 0.00 0.00 0.08 0.00 -0.05 0.12 0.05 -0.08 0.20 0.03 
                 
DMNS 10960 (Te) 4 -0.20 0.07 -0.04 -0.12 0.06 -0.04 -0.04 0.05 -0.04 0.05 0.23 -0.05 0.14 0.05 -0.05 
                 
BAM-1 (Te) 4 -0.37 0.07 -0.07 -0.23 0.01 -0.08 -0.08 0.09 -0.08 0.10 0.07 -0.10 0.20 0.11 -0.07 
                 
M40600 (Te) 4 -0.87 0.06 -0.17 -0.53 0.04 -0.18 -0.21 0.02 -0.21 0.23 0.13 -0.23 0.59 0.08 -0.20 
                 
M33684 (petz) 4 -0.29 0.08 -0.06 -0.18 0.05 -0.06 -0.05 0.04 -0.05 0.06 0.11 -0.06 0.21 0.31 -0.07 
                 
DMNS 5950 (stz) 4 0.40 0.07 0.08 0.25 0.07 0.08 0.09 0.05 0.09 -0.06 0.10 0.06 -0.24 0.12 0.08 
                 
DMNS 15579 (stz) 4 -0.25 0.13 -0.05 -0.14 0.10 -0.05 -0.04 0.08 -0.04 0.05 0.10 -0.05 0.18 0.21 -0.06 
                 
DMNS 11049 (syl) 4 0.44 0.10 0.09 0.28 0.07 0.09 0.13 0.01 0.13 -0.16 0.04 0.16 -0.40 0.08 0.13 
                 
DMNS 5113 (syl) 4 0.27 0.06 0.05 0.17 0.02 0.06 0.06 0.06 0.06 -0.04 0.06 0.04 -0.17 0.07 0.06 
                 
M39285 (syl) 4 0.23 0.07 0.05 0.16 0.06 0.05 0.06 0.05 0.06 -0.03 0.08 0.03 -0.02 0.10 0.01 
                 
DMNS 8668 (syl) 4 -0.10 0.08 -0.02 -0.04 0.06 -0.01 0.01 0.04 0.01 0.06 0.09 -0.06 0.05 0.24 -0.02 
                 
DMNS 477 (syl) 3 -0.61 0.08 -0.12 -0.37 0.06 -0.12 -0.14 0.05 -0.14 0.14 0.12 -0.14 0.34 0.08 -0.11 
                 
4
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DMNS 480-1 (syl) 4 -0.70 0.02 -0.14 -0.43 0.01 -0.14 -0.13 0.02 -0.13 0.14 0.14 -0.14 0.49 0.08 -0.16 
      
 
          
DMNS 480-2 (syl) 4 -0.78 0.02 -0.16 -0.48 0.01 -0.16 -0.19 0.02 -0.19 0.18 0.03 -0.18 0.38 0.08 -0.13 
D
r
y
 P
la
sm
a
 M
e
th
o
d
 
                                  
CH-2 (cal) 4 0.45 0.11 0.09 0.29 0.10 0.10 0.10 0.13 0.10 -0.06 0.33 0.06 -0.29 0.21 0.10 
                 
139386 (cal) 4 0.31 0.24 0.06 0.19 0.20 0.06 0.07 0.13 0.07 0.00 0.20 0.00 -0.12 0.10 0.04 
                 
CH-1 (cal) 4 -0.63 0.12 -0.13 -0.36 0.06 -0.12 -0.11 0.12 -0.11 0.14 0.03 -0.14 0.50 0.22 -0.17 
                 
CH-3 (cal) 4 -0.93 0.34 -0.19 -0.61 0.15 -0.20 -0.23 0.06 -0.23 0.08 0.22 -0.08 0.43 0.24 -0.14 
                 
M23798 (Kren) 4 -0.91 0.17 -0.18 -0.60 0.16 -0.20 -0.24 0.09 -0.24 0.11 0.12 -0.11 0.48 0.27 -0.16 
                 
BAM-1 (Te) 4 -0.42 0.22 -0.08 -0.25 0.14 -0.08 -0.08 0.10 -0.08 0.21 0.22 -0.21 0.39 0.27 -0.13 
 
*Wet plasma results are indicated in the top portion of the table, above the horizontal line divide; dry plasma results are reported in the bottom portion of the table. 
Mineral abbreviations: cal - calaverite, kren - krennerite, Te - native tellurium, petz - petzite, stz - stützite, syl - sylvanite. 2σ error is 2 S.D. of the mean of multiple analyses. 
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THEORETICAL AND MEASURED STABLE TE ISOTOPE FRACTIONATION IN 
TELLURIUM-BEARING MINERALS FROM PRECIOUS METAL HYDROTHERMAL 
ORE DEPOSITS 
 
A paper to be submitted to Geochimica et Cosmochimica Acta 
 
Andrew P. Fornadel, Paul G. Spry, Edwin A. Schauble, Mojhgan A. Haghnegahdar, 
Simon E. Jackson, Stuart J. Mills 
 
Abstract 
 The variability of stable tellurium isotope compositions of naturally-occurring tellurides, 
native tellurium, tellurites, and tellurates were measured by multicollector-inductively coupled 
plasma-mass spectrometry (MC-ICP-MS) and compared to theoretical, equilibrium mass-
dependent isotopic fractionation of representative Te-bearing species estimated with first-
principles thermodynamic calculations. Calculated fractionation models suggest 
130/125
Te 
fractionations as large as 4 ‰ at 100° C between coe isting Te(IV) and Te(II) or Te(0) 
compounds, and smaller, typically < 1 ‰ fractionations between coe isting Te(-II) (Au,Ag)Te2 
(calaverite, krennerite) minerals and (Au,Ag) 2Te minerals (petzite, hessite). In general, 
heavy
Te/
light
Te is predicted to be higher for more oxidized species, and lower for reduced species, 
with 
130
Te/
125Te fractionations as large as 4‰ at 100° C between coe isting Te(IV) and Te(-II) 
or Te(0) compounds. 
 MC-ICP-MS analyses of tellurides and native tellurium possess values of δ130/125Te = -
2.08 to 0.77 ‰ for tellurites and δ130/125Te = -2.12 to 0.58 ‰ for tellurates, showing broad 
coincidence of delta values. Per mil per amu calculations for each sample suggest that mass-
dependent processes are responsible for fractionation. In a sample of coexisting primary native 
tellurium and secondary emmonsite, the delta values were identical. The coincidence of delta 
values and the apparent lack of isotopic fractionation between native tellurium and emmonsite 
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suggest that oxidation processes cause little to no fractionation. The contradiction between 
predictive fractionation models and empirical isotope analyses suggests that oxidation processes 
occur in isotopic disequilibrium.  
 Because Te is predominantly transported as an oxidized aqueous phase or as a reduced 
vapor phase under hydrothermal conditions, either a reduction or phase change is necessary to 
form the common tellurides and native tellurium in ore-forming systems. Our data suggest that 
these sorts of reactions during mineralization may cause fractionation of 
130/125Te of up to ~3 ‰. 
Based on the data ranges for Te minerals from various ore deposits, the underpinning geologic 
processes responsible for mineralization seem to have primary control on the magnitude of 
fractionation, with tellurides in epithermal gold deposits showing a narrower range of isotope 
values than those in orogenic gold and volcanogenic massive sulfide deposits. 
 
Introduction 
Stable isotope variations in transition and group 16 (chalcogen) elements can be > 5 per 
mil (e.g., O, S, Se, Cu, Fe, and Cr) in terrestrial samples and provide information on the 
provenance of the element, as well as biological, chemical, and physical processes responsible 
for transport and precipitation of the element. Isotope fractionation between phases or species 
depends on several factors including redox state, relative mass difference, bond strengths, 
temperature, and reaction kinetics (e.g., Johnson, 2004).  
Of the chalcogens, oxygen and sulfur isotope systematics are well established and can 
vary on the order of 10’s of per mil; Se isotope fractionation (δ82/76Se) in ore deposits can vary 
by up to 11.5 per mil (e.g., Layton-Matthews et al., 2013). For Se, this fractionation is driven, in 
part, by changes in oxidation state (0 versus +IV, and +VI) with the greatest fractionation 
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produced by microbial or abiotic reduction of Se-oxyanions (Johnson, 2004). With the exception 
of Fehr et al. (2004, 2005) and Fornadel et al. (2014), fractionation of Te isotopes in terrestrial 
material is largely undocumented by modern analytical techniques.  
Tellurium has eight stable isotopes: 
120
Te (0.09% abundance), 
122
Te (2.55%), 
123
Te 
(0.89%), 
124
Te (4.74%), 
125
Te (7.07%), 
126
Te (18.84%), 
128
Te (31.74%), and 
130
Te (34.08%) and 
six oxidation states, -II, -I, 0, +II, +IV, and +VI. By analogy with O, S, and Se, it should also 
exhibit observable isotopic fractionation. Tellurium has a mass difference between the lightest 
and heaviest isotope of 8.3%, which is similar to that for S (6.3%) and Se (10.8%). Although the 
+IV and +VI states are the most common in o idizing environments at the Earth’s surface (e.g., 
Otto Mountain, California; Housely et al., 2011), Te is commonly found in the -II state as metal 
tellurides and as native tellurium (e.g., Te(0)) in magmatic and hydrothermal ore deposits, 
including epithermal and orogenic gold deposits (e.g., Ciobanu et al., 2006).  
Evaluating the isotope geochemistry of Te may shed further light on the metallogeny of 
epithermal and orogenic gold telluride-bearing deposits and, indirectly, the geochemistry of Au, 
since Te bonds with Au in more minerals (e.g., calaverite (AuTe2), krennerite [(Au,Ag)Te2], 
sylvanite [(Au,Ag)2Te4], petzite (Ag3AuTe2), kostovite (CuAuTe4), bogdanovite 
[Au5(Cu,Fe)3(Te,Pb)2], bezsmertnovite [Au4Cu(Te,Pb)], muthmannite [(Au,Ag)Te], bilibinskite 
(Cu2Au3PbTe3), museumite [Pb2(Pb,Sb)S8(Te,Au2)S3], buckhornite (AuPb2BiTe2S3), nagyágite 
[Pb5Au(Te,Sb)4S5-8], and montbrayite [(Au,Sb)2Te3]), than with any other element (Ag, Cu, Hg, 
Ni, Fe, Bi, As, Sb, O, and  S) (Spry et al., 2004). Gold has only one stable isotope and, thus, 
stable isotope fractionation cannot be used to assess the geochemical behavior of Au. 
The focus of the current study is on the most common minerals in the system Au-Ag-Te 
(calaverite, krennerite, sylvanite, petzite, native tellurium, hessite (AgTe2), and stützite (Ag5-
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xTe3)). Isotopic analysis of other metal tellurides, such as altaite (PbTe), coloradoite (HgTe), and 
rickardite (Cu7Te5) have been obtained to shed light on fractionation that results from differing 
crystallography or bond strengths between Te and its conjugate metal in a given mineral. 
Analysis of tellurates (TeO4
2-
) and tellurites (TeO3
2-
), which form mostly from the oxidation and 
weathering of tellurides and native tellurium, will demonstrate the effect that changes in redox 
state have on Te isotope fractionation.   
The study evaluates the: 1) Abiotic mechanisms that produce mass-dependent Te isotope 
fractionation (e.g., redox behavior), liquid-vapor separation (since Te is transported in both the 
liquid and vapor phases), diffusion and exchange kinetics, as well as deposition and 
transportation processes. The possibility that Te isotopes are fractionated by mass-independent 
processes will also be considered; 2) Relationship between equilibrium isotope fractionation 
determined by theoretical calculations, using vibrational spectra and force-field models for 
various Te species and the empirical data derived by MC-ICP-MS analysis; and 3) The 
implications of Te isotope fractionation on the formation of precious metal tellurides. 
 
Tellurium in Terrestrial Settings 
Tellurium is an unusual element in that its abundance in the universe is greater than that 
of any other element with atomic number >40 (Anders and Ebihara, 1982); however, it is one of 
the rarest elements in the Earth’s crust (0.4 to 12 ppb; McDonough and Sun, 1995; Reimann and 
de Caritat, 1998) and seawater (up to 9 x 10
-4
 ppb; Andreae, 1984). For most unaltered terrestrial 
rocks, Te ranges in concentration from a few ppb to 10’s of ppb (e.g., volcanic rocks, ultramafic 
rocks, gabbro, syenite, basalt), but granitoids may contain hundreds of ppb Te (e.g., Beaty and 
Manuel, 1973). Orogenic and epithermal gold deposits, both of which are commonly associated 
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with alkaline igneous rocks, can contain several percent Te in some parts of the ore zone (e.g., 
Sandaowanzi Au-Te deposit, China, Liu et al., 2013).  
 Despite the spatial association of alkaline igneous rocks to precious metal tellurides 
recognized by Jensen and Barton (2000), they also noted that pelagic sediments, shales, and 
carbonates can contain appreciable concentrations of Te, ranging from hundreds of ppb to up to 
~2 ppm Te (Beaty and Manuel, 1973). Similarly, abyssal Fe-Mn nodules and Fe-Mn crusts on 
the ocean floor contain up to ~5 ppm (Baturin, 1998) and ~52,000 ppm (Hein et al., 2003), 
respectively, and could add significantly to the Te inventory of pelagic sediments.  
Deeper into the Earth, Li (1976) proposed Te contents of 0.1 ppm, 0.52 ppm, and 0.16 
ppm for the upper mantle, lower mantle, and core, respectively, while Ohnenstetter (1992) 
identified Te-enriched metasomatised mantle, noting the presence of moncheiite and merenskyite 
(both Te-bearing Pt alloys) in peridotites. Sulfides in peridotitic mantle contain up to 103 ppm Te 
(Hattori et al., 2002). 
A variety of geological processes are responsible for the extraordinarily high Te content 
in seafloor massive sulfides (up to 45 ppm, Butler and Nesbitt, 1999) and in some gold deposits 
(up to several percent; e.g., Sandaowanzi Au-Te deposit, China, Liu et al., 2013). Such high 
grades may form in some locations as a result of flashing (i.e., when gases rapidly exsolve out of 
solution), similar to that observed in the scales lining pipelines in the Rotokawa geothermal field, 
New Zealand (Reyes et al., 2002).  In these pipes, up to 3% Te, 0.2% Au, and several percent Cu 
and Ag occur; tellurides present include hessite, stützite, and altaite.   
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Stability of Au and Te Species in Hydrothermal Solutions 
Seward (1973) proposed that the dominant aqueous gold-bearing species associated with 
hydrothermal gold deposits, for most T-fO2-pH conditions, are Au(HS)2
-
 or  Au(HS)(aq). Due to 
the presence of gold tellurides in many gold deposits and analogous chemistry between S and Te, 
Seward (1973) suggested that Au(Te2)
-
, Au2(Te2)
0
, and Au(Te2)2
3-
 may also be important 
aqueous species. McPhail (1995) subsequently proposed the existence of other telluro-gold 
species, such as AuHTe(aq) and AuTe2
-
. Cooke and McPhail (2001) modeled the presence of 
Au(HTe)2
-
 as an analogue to the most stable gold sulfide species [Au(HS)2
-
], but predicted that 
concentrations of Au(HTe)2
-
 were likely to be 10
14
 times lower than those of Au(HS)2
-
. Pals et al. 
(2003) speculated that Te-bearing complexes such as Fe(SAs)-Au(HTe)
0
 or Fe(SAs)-Au2Te
0
, 
may explain the high Au, As, and Te contents of pyrite in the epithermal Emperor Au-Te deposit 
and the positive correlations between Au and As, as well as Au and Te.  However, based on low 
correlations between Au and Te in Carlin-type gold deposits, Kesler et al. (2007) suggested that 
Te was not sufficiently abundant to complex Au and that Te complexes are likely to be less 
important than Au(HS)2
-
 or  Au(HS)(aq). 
Up until the recent experiments of Grundler et al. (2009a,b, 2013), which were conducted 
up to 90 to 250° C, knowledge of the aqueous Te species in the system Te-O-H, and the stability 
of species in the systems Au-Te-Cl-S-O-H and Ag-Te-Cl-S-O-H up to 300° C, including the 
“common” precious metal tellurides and native tellurium, relied primarily on the thermodynamic 
calculations of Saunders (1985), Ahmad et al. (1987), Jaireth (1991), Zhang and Spry (1994), 
McPhail (1995), Cook et al. (2009), and Zhao et al. (2009). These thermodynamic studies show 
that tellurides form under relatively-reducing conditions (below the magnetite-hematite buffer), 
and that the stability of native tellurium overlaps the magnetite-hematite buffer (Fig. 1). The 
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stability field of calaverite broadly overlaps that of pyrite whereas that for stützite overlaps the 
pyrite-pyrrhotite join. The aqueous Te species in equilibrium with these tellurides (oxidation 
state of -II) are H2Te(aq) and HTe
-
, which also have an oxidation state of -II. However, 
thermodynamic modeling, coupled with experimental data, suggest that the dominant Te-bearing 
species in hydrothermal solutions at elevated temperatures are oxidized, such as H2TeO3 and 
HTeO3
-
, and that the stability of oxidized aqueous Te species increases with temperature
 
(Grundler et al., 2013). 
McPhail (1995) noted that the volume of tellurides in some deposits is puzzling because 
the predicted concentration of aqueous Te species is < 10 ppb (probably close to 1 ppb). This led 
him to suggest that Te partitions into the vapor phase rather than the aqueous phase, a conclusion 
proposed earlier by Symonds (1992). This was later confirmed by thermodynamic modeling of 
Grundler et al. (2013), which showed a preferential partitioning of Te into the vapor phase at 
acidic to neutral pHs and under moderately reducing conditions. Although Greenland and 
Aruscavage (1986) showed that Te occurs in the particulate fraction of eruptive emissions from 
the Kilauea volcano, Hawaii, there is an increasing body of field evidence to suggest that Te 
occurs in the vapor phase, since calaverite and kostovite are present in vesicles found in rocks at 
Volcán Popocatépetl, Mexico (Larocque et al., 2008), and native tellurium occurs in sublimates 
in altered rocks of La Fossa volcano, Italy (Fulignati and Sbrana, 1998).   
The implication of the current understanding of the geochemical behavior of Te under 
hydrothermal conditions is that to precipitate relatively common tellurides under typical 
temperatures and pressures, either a phase change from a reduced, dominantly vapor Te species 
to a solid telluride phase, or a reduction reaction from a Te(IV) and/or Te(VI)
 
to Te(-II)species 
must occur. Based on the isotopic behavior of Se and S, which occur in the same group in the 
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periodic table as Te, reduction reactions are likely to induce fractionation in Te under 
hydrothermal conditions. Furthermore, just as Cu isotope values vary between the hypogene and 
supergene environments (Mathur et al., 2009), leaching and oxidation of tellurides to form 
tellurites and tellurates may also cause fractionation. 
 
Stable Tellurium Isotopes 
Isotope Fractionation Determined by Theoretical Calculations 
The thermodynamic energy governing fractionation of tellurium isotopes in crystals and 
molecules is related to the small difference in the vibrational energies of isotopically substituted 
molecules (Urey, 1947). Clusters and molecules that have been substituted with lighter isotopes 
vibrate at higher frequencies than those containing heavier isotopes, and have a correspondingly 
higher zero-point energy. For each isotopic substitution reaction, the driving energies can be 
estimated from the vibrational (phonon) Helmoltz free energy. Therefore, isotopic fractionations 
can be estimated if isotope effects on vibrational frequencies are known. However, the lack of 
complete, high quality Raman and infrared phonon frequency measurements, particularly for 
crystals and isotopically substituted species, makes it difficult to apply these two types of 
spectroscopy data directly. First principles electronic structure calculations can be used 
circumvent these limitations by creating vibrational models for gas-phase molecules, solutes, and 
crystalline species. In a companion study to the present measurements, equilibrium mass-
dependent isotope fraction has been estimated among representative Te-bearing species using 
three types of first-principles thermodynamic calculations (Haghnegahdar, 2013). Gas-phase 
calculations (in vacuo) are combined with supermolecular cluster models of aqueous and solid 
species, focusing on the most common and economically significant Te-bearing minerals: 
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tellurides and native tellurium. Gas-phase analogues to aqueous Te(IV) species were modeled, 
because previous thermodynamic studies have suggested that aqueous Te(IV) species, such as 
H2TeO3, might play a role in transporting tellurium to form Te(-II) bearing crystals such as gold-
silver tellurides (Grundler et el., (2013). In general, 
heavy
Te/
light
Te is expected to be higher in 
oxidized species (Smithers and Krouse, 1968). 
Previous models of Te isotope fractionation are limited to small molecules (TeF6, TeO3
2-
 
[treated as a gas-phase species], SCTe, TeBr4, SiTe, GeTe, SnTe, and HTe), with no direct 
modeling of crystalline phases (e.g., Smithers and Krouse, 1968). As expected (e.g., Bigeleisen 
and Mayer, 1947), the equilibrium constants decrease as temperature increases. The highest 
calculated fractionation factor is 1.0294, for the exchange reaction between TeF6 and HTe at 0° 
C, followed by 1.0122 for TeO3
2-
 and HTe. Less than 1 per mil 
130
Te/
122
Te fractionation is 
predicted between the metal tellurides, SnTe2 and PbTe at these temperatures. 
Because this study is primarily concerned with mixed crystal+fluid systems, as well as 
gas-phase molecules, two complementary theoretical approaches were taken here: 1) Periodic 
boundary condition models of telluride crystals and native tellurium using plane-wave Density 
Functional Theory (DFT; e.g., Schauble et al., 2006; Mehéut et al., 2007); and 2) Molecular 
calculations on molecules (to check against previous model results) and molecular-cluster 
analogue modeling of a subset of telluride crystals (i.e., the method of Rustad and Dixon, 2009) 
to compare with periodic boundary condition DFT models. In both cases, the model systems 
were kept relatively simple.  
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Te Isotope Studies using TIMS and N-TIMS 
Preliminary experiments by Smithers and Krouse (1968) measured the kinetic isotope effects of 
inorganic and biological reductions of K2TeO3
2-
 to native tellurium and showed values of 
δ130/122Te = 0.5 and 6.0 per mil fractionation, respectively. Smithers and Krouse used sulfurous 
acid (H2SO3) as an inorganic reducing agent, and Scopulariopsis brevicaulis for biological 
reactions. In addition to the products of abiotic and biotic reactions, six samples of sylvanite, 
native tellurium, and tetradymite (Bi2Te3) from four mineral deposits were also analyzed using a 
thermal ionization mass spectrometer (TIMS) and showed up to 4 per mil variation in δ130/122Te 
relative to an internal standard (refined Te). Commercial K2TeO3 from two separate sources 
showed an isotopic difference of 3.5 per mil, upon partial reduction using sulfurous acid.  
Smith et al. (1978) analyzed the Te isotope composition of krennerite, coloradoite 
(HgTe), tetradymite, and native tellurium in six samples from various hydrothermal ore deposits, 
also using a TIMS with an electron multiplier. Although large fractionations (up to 14.0 per mil 
for 
130
Te/
120
Te, 10.4 per mil for 
130
Te/
122
Te, 10.0 per mil for 
130
Te/
123
Te, 10.3 per mil for 
130
Te/
124
Te, 9.4 for 
130
Te/
125
Te, 6.8 per mil for 
130
Te/
126
Te, 3.0 per mil for 
130
Te/
128
Te) were 
identified relative to pure Te metal from Johnson Matthey Company (JMC), the uncertainties of 
the analyses were several per mil, and so no significant variations in isotopic composition were 
resolved. Smith et al. also determined the Te isotope composition of eight meteorites but found 
no significant anomalies. However, the electron multiplier attached to the TIMS used by Smith et 
al. (1968) produced a mass discrimination problem that yielded unacceptably poor results (Lee 
and Halliday, 1995). Rather, Lee and Halliday demonstrated far better precision with MC-ICP-
MS than conventional TIMS and negative thermal ionization mass spectrometry (N-TIMS). 
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Later studies of tellurium isotopes using TIMS and N-TIMS were focused on 
nucleosynthetic anomalies in isotope ratios. Richter et al. (1998) and Maas et al. (2001) reported 
per mil to percent level fractionation of 
130/128
Te in presolar diamonds in the Allende meteorite, 
which were attributed to rapid, mass-dependent isotope separation during supernovae events. 
Difficulty in TIMS measurements is in large part due to Te having a high first ionization 
potential (~9 eV). Compared to TIMS, the MC-ICP-MS has ~4× the precision for 
120
Te/
128
Te and 
one to two orders of magnitude better precision for 
122-130
Te/
128
Te (Fehr et al., 2004). 
 
Te Isotope Studies using MC-ICP-MS 
Meteorites and terrestrial sulfides: By developing a MC-ICP-MS technique using a two-
stage liquid chromatographic procedure, Fehr et al. (2004) acquired Te isotope data for the 
Allende carbonaceous chondrite and the Cañon Diablo meteorite, and two terrestrial sulfides that 
were identical to a pure elemental Te JMC standard and an ICP standard solution (Alfa Aesar) 
(i.e. within  126/128Te ± 2σ   0 ± 0.3, where   is measured in parts per 10,000). Additional Te 
isotope studies by Fehr et al. (2006) on Orgueil, Murchison, and Allende carbonaceous 
chondrites, and by Fehr et al. (2009) on calcium-aluminum-rich inclusions in Allende also 
showed that they were almost indistinguishable at the  126Te level from the JMC standard. Note 
that Fehr et al. (2004) corrected for instrumental mass bias by normalizing their data to a fixed 
125/128
Te ratio of 0.22204, thereby normalizing for any instrumental mass-dependent fractionation 
between the Te isotopes, so that nucleosynthetic anomalies could be detected. Therefore, it is not 
surprising that Fehr et al. (2004) did not detect any significant variation between the samples 
they analyzed. This in contrast to the per mil to percent level Te isotope anomalies (
130
Te/
128
Te) 
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reported by Richter et al. (1998) and Maas et al. (2001) that were attributed to cosmogenic 
fractionation during supernovae processes. 
Biological Fractionation: Mass-dependent fractionation of δ34/32S > 10 per mil is 
produced by biologic processes in S isotopes (e.g., Ohmoto and Goldhaber, 1997; Habicht and 
Canfield, 2001). Although smaller in magnitude (δ86/76Se = < 10 per mil), significant 
fractionations accompanied reduction of selenite and selenate in laboratory based experiments 
using Bacillus selenitireducens, Bacillus arsenicoselenatis, and Sulfurospirillum barnesii were 
reported by Herbel et al. (2000). In an attempt to evaluate analogous Te isotope fractionation in 
biological processes, Fehr et al. (2004) analyzed the composition of pyrite and pyrrhotite in the 
Archean McRae Shale, Western Australia. Ono et al. (2003) had previously demonstrated that 
these sulfides formed by biogenic reduction of seawater sulfate. Fehr et al. found little 
fractionation (δ126/128Te < 0.9 per mil) and interpreted this to mean that either biological 
fractionation had not occurred or that sulfides incorporated Te from a small reservoir (e.g., 
seawater or pore fluids). Csotonyi et al. (2006) showed evidence for anaerobic respiration of 
tellurate by bacteria in Alvinellid sulfide worms (Paralvinella sulfincola) and tubeworms 
(Ridgeia piscesae) from hydrothermal vents at Axial Volcano and Explorer Ridge in the eastern 
Pacific Ocean. Whether or not fractionation of Te isotopes occurs as a result of this process 
remains unclear. 
However, biological fractionation processes of Te were elucidated by Baesman et al. 
(2007), who showed that Te isotopes fractionate during respiratory reduction of Te(+IV) and 
Te(+VI) to nanocrystals of Te(0) by Bacillus selenitireducens and Sulfurospirillum barnesii. In 
these experiments, 
130
Te/
124Te isotopic fractionation was appreciable ( 130/124Te -0.80 ‰ amu-1 
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for Bacillus selenitireducens and -0.39 ‰ amu-1 for Sulfurospirillum barnesii), and suggested 
that Sulfurospirillum barnesii may be more efficient at reducing Te for respiration than Bacillus 
selenitireducens.  
 
Abiotic fractionation in native tellurium and tellurides: As a control against which to 
compare the results of fractionation in Te minerals and/or caused by bacteria, of Te, Baesman et 
al. (2007) assessed Te fractionation induced by controlled abiotic processes. They analyzed the 
isotope ratios of native tellurium crystals formed as a result of the reduction of aqueous Te(IV) 
by cysteine-HCl. Their study showed sizable fractionation caused by abiotic reduction, with an 
enrichment factor of -0.47 ‰ amu-1. This is smaller than the -0.88 ‰ amu-1 enrichment factor 
noted for the H2SO3 reduction of K2TeO3 by Smithers and Krouse (1968), which may be the 
result of imprecise TIMS analysis. Nonetheless, abiotic reduction of Te in both studies yielded 
significant isotopic fractionation. 
Fornadel et al. (2014) demonstrated a fractionation of δ130/125Te of ~1.6 ‰ for Au-Ag 
tellurides and native tellurium (n = 32) from hydrothermal-magmatic ore systems, relative to a 
pure, elemental Te standard made from JMC metal. The greatest fractionation measured was -
0.20‰ amu-1 for a sample of calaverite. Their studied showed that Te isotopes fractionate 
appreciably at the elevated temperatures of ore-forming conditions (e.g., 200-400° C) and that 
minerals from the same ore district can show disparate δ130/125Te values. Furthermore, the Te 
fractionation reported in Fornadel et al. (2013) showed little evidence for mass independent 
fractionation as all the samples analyzed demonstrated a 1:1 relationship in ‰ amu-1 relative to 
(δ130/125Te)/5. The lack of strong evidence for mass-independent fractionation is in agreement 
with the findings of Fehr et al. (2005) in their analyses of Archean terrestrial sulfides.  
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Samples 
To develop an understanding of Te isotope systematics and the magnitude of total 
fractionation, tellurides (Te
2-
) and native tellurium (Te
0
) from the hypogene environment were 
obtained predominantly from museum collections (American Museum of Natural History, Royal 
Ontario Museum, Denver Museum of Nature and Science, Smithsonian Institution National 
Museum of Natural History), as well as from samples studied by Pals and Spry (2003). 
Additionally, the data obtained here complement 32 isotope analyses from Fornadel et al. (2014). 
For tellurites (Te
4+
) and tellurates (Te
6+
), samples were collected from field samples and are 
secondary accumulations of Te that resulted from the weathering of primary, reduced Te mineral 
assemblages (e.g., Otto Mountain, Housely et al., 2011). To assess fractionation factors between 
coexisting minerals, samples were selected that contain intergrown tellurides, tellurides and 
native tellurium, and, in one case, spatially related native tellurium and the tellurate, emmonsite. 
The sample numbers, mineralogy, sample location, and locality of museum collection are in 
Table 1.  
Although many of the samples are not precisely spatially located beyond the detail of the 
general locality of their collection, when possible, multiple samples were collected from the 
same locality (e.g., Cripple Creek district, Colorado) to assess isotopic variability within a given 
ore system.  
 
Sample Preparation Methods and Isotope Analysis 
 The methodology for this sample preparation, ion exchange chromatography, and MC-
ICP-MS isotope analyses is summarized here but outlined, in greater detail, in Fornadel et al. 
(2014). When necessary, samples were mounted in one inch round, polished epoxy mounts for 
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microsampling and petrographic and/or electron microprobe analyses. The mounted samples 
were collected by micromill for dissolution. Other samples, typically tellurates and tellurites, 
were identified by X-ray diffraction and separated by hand from their matrix. In both cases, the 
samples were digested, uncapped, in 4 mL aqua regia (3 mL 10.7 N HCl + 1 mL 15.6 N mL 
HNO3) on a ~80° C hotplate overnight. Each solution was allowed to dry to incipient dryness 
and then removed from the hotplate and capped. The dried samples were remobilized in 2 mL 10 
N HCl for ion exchange chromatography.  
Chromatography columns were loaded with 2 mL AG 1-X8 anion exchange resin and the 
resin was cleaned with 10 mL of 1 N HNO3 and conditioned with 10 mL 2 N HCl. Tellurium-
bearing solutions from dissolved samples were loaded onto the column in 2 mL 2 N HCl. Once 
the sample loading solution had eluted completely through the column, 23 mL of 2 N HCl was 
added to the columns and allowed to elute completely, followed by 3 mL 10 N HCl. This 26 mL 
of cumulative eluate was discarded. 
 Clean, 60 mL PFA beakers were placed under the ion exchange columns to begin 
collection of eluted Te. One mL of 10 N HCl was added to the column and allowed to elute, 
followed by 6 mL of 1 N HNO3. This 7 mL of eluate was heated to incipient dryness at ~80° C 
and contains the Te from the initial solution, with yields of ~96% as determined by ICP-MS.  
 Isotopic measurements were made at the Geological Survey of Canada using a Nu 
Instruments Nu Plasma MC-ICP-MS equipped a Cetac ASX-110FR autosampler. All operating 
parameters, such as gas flow rates, as well as acceleration and focusing voltages, were optimized 
daily. Samples were measured three to five times in 2 ppm Te solutions, doped with 1 ppm Cd 
for mass bias correction.  
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 Isobaric interferences occur on the Te isotopes of mass number 130, 128, 126, 124, 122, 
and 120 from the elements Xe (masses 130, 128, 126) and Sn (masses 124, 122, 120).  Tin also 
produces isobaric interferences on the dopant element, Cd (masses 112, 114, and 116). Xenon is 
invariably present in small concentrations in the argon gas used for plasma generation in the ion 
source of the MC-ICP-MS, whereas Sn rarely occurs in natural tellurides. In order to correct the 
interferences of Xe on the Te isotopes and ensure negligible interference from Sn on Te and Cd 
isotopes, signal intensities at masses 129 (Xe) and 118 (Sn) were measured. 
 Corrections for isobaric interferences on Te masses by Xe were calculated during 
analysis based on equations 1 and 2, using the Nu Instruments Calculation Editor (NICE) 
program. Mass bias between the Te signal and the Xe analyte were corrected using the 
exponential mass bias law.   
 
 (1)          
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In equation 1, I(
i
Tecorrected) is the corrected signal for mass 
i
Te, 
i
Te is the measured signal 
intensity, I
129
Xe is the measured signal for 
129
Xe, R
i/129
Xe is the theoretical ratio of masses 
i
Xe 
and 
129
Xe, and the denominator is the ratio of the atomic masses of 
i
Xe and 
129 e. Epsilon ( ) is 
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calculated from equation 2, where R
(116/114)
true is the theoretical ratio of 
116
Cd to 
114
Cd, 
R
(116/114)
meas is the measured ratio of 
116
Cd to 
114
Cd, and is divided by the ratio of the two 
masses, 116 and 114. 
These corrections assume that the abundances of nuclides of Xe in the plasma and Cd in 
samples and standards are approximately equivalent to their nominal natural abundances. Data 
correction during measurement cycles allows for accurate correction despite potential temporal 
variation in the concentration of Xe in the Ar plasma. 
The signal for mass 118, (
118
Sn) was monitored to ensure that it remained at background 
levels. For all samples reported here, the Sn signal never rose above background levels and, 
therefore, polyatomic Sn interferences are considered negligible. 
After applying isobaric interference corrections, Te isotope data were calculated by 
application of a mass bias correction based on the corrected Cd isotope ratios. Mass-bias 
corrected Te isotope ratios were calculated using equation 3, which was modified after Peel et al. 
(2008), where x is the atomic mass of Te that is being measured, and m is the slope of the linear 
relationship derived from the relationship between Te and Cd mass bias.   
 
(3)   
 Te/125Te)true  = ln  Te/125Te)     [(   
116Cd/114Cd)           
116Cd/114Cd)        )   ] 
 
Each reported isotope ratio for Te was based on the corrected (Xe subtracted) signal 
intensities derived using equations 1 and 2 and from the mass bias correction using equation 3, 
and is presented using standard delta notation (equation 4). 
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(4)                                                    δ /125Te   [(
  Te/125Te)true
  Te/125Te)std
)    ]       
 
Theoretical Fractionation Calculations 
 Isotope fractionation factors were determined for molecular clusters representing the 
crystal structures of cadmium telluride (Zachariasen, 1926), calaverite (Schutte et al., 1988), 
hessite (Schneider et al., 1993), lead telluride (Noda et al., 1987), and native tellurium (Bradley 
1924), as well as for a number of gas-phase species. The models are constructed using hybrid 
density-functional theory (B3LYP; Becke, 1993). To mimic the crystal-chemical environment of 
tellurium atoms in telluride minerals, each cluster consists of a core group of atoms, modeled 
with medium-sized or larger basis sets to achieve reasonable accuracy. The atoms in the inner 
core are allowed to relax to find their minimum-energy configuration, and then subjected to 
calculation of a force-constant (Hessian) matrix for vibrational analysis. In order to satisfy 
dangling bonds at the edge of the cluster, this core structure is surrounded by an outer shell of 
atoms fixed in the position determined by their measured crystal structures. This fixed shell is 
then surrounded on the outside by a mantle of pseudo-hydrogen atoms placed along each 
dangling bond at a distance of 1.5Å, with partial charges corresponding to the Pauling bond 
order of the dangling bond.  Outer-shell and pseudo-atom electronic structures are approximated 
with a small basis set (LANL2DZ) (Manchester et al., 1995). Rustad et al. (2010) used a similar-
sized 3-21G basis set in their preceding work. In general, fractionation factors using medium-
sized versus larger basis sets for the core structure agree with each other quite well (Gaussian 09: 
AM64L-G09RevB.01).   
62 
 
 Fully three-dimensional models of telluride structures were constructed using plane-wave 
density functional theory with a periodic boundary condition, following the procedure of 
Schauble et.al. (2006) and using the Quantum Espresso software package (Giannozzi et al., 
2009; http://www.quantum-espresso.org). In the plane wave calculations, phonon (vibrational) 
frequencies of  isotopically-substituted crystals were sampled at one or more phonon wave 
vectors, which were then used for estimation of reduced partition function ratios (Urey, 1947). 
 
Results 
Theoretical Fractionation 
 Table 2 presents calculated isotope fractionations for different gas molecules and crystals 
respectively at different temperatures using Def2-SVPD basis set (Rappoport and Fillip, 2010), 
as well as results from periodic boundary condition plane-wave density theory (numbers in 
parentheses).  In general, calculated fractionation factors using medium-sized and large basis sets 
and the B3LYP model chemistry agree with each other and show little dependence on the choice 
of basis set. Calculated isotope fractionations for supermolecular cluster models of cadmium 
telluride and native tellurium are in reasonable agreement with plane-wave density functional 
theory models with periodic boundary conditions.Calculated fractionations based on hybrid 
density functional theory (B3LYP) models for gas-phase species are in good agreement with 
previously reported estimates (Smithers and Krouse, 1968). The calculated β factors for 
fractionation between various Te species and the theoretical vapor show trends typical for 
isotope fractionation of other non-traditional elements (Figs. 2 and 3). For isotope exchange 
between the vapor and telluride phases, fractionation is expected to be small, especially at 
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magmatic-hydrothermal conditions at which tellurides form, where δ130/125Te is predicted to be 
on the order of ≤ 0.5‰.  
 As expected, reduction-oxidation of Te is predicted to induce larger isotope fractionation, 
with larger changes in oxidation state leading to larger fractionations. The calculations show that 
significant change in oxidation state of Te (e.g., Te
0
  Te6+) can affect the isotope signature 
more than one order of magnitude more than no or little change in the oxidation state. 
 Calculated fractionations decrease with increasing temperature in both gas-phase species, 
supermolecular clusters, and periodic-boundary condition models. In general, 
130
Te/
122
Te is 
higher for more oxidized species, and lower for reduced species. 
130
Te/
125
Te fractionations are 
expected to be ~3-4 ‰ (at 100° C) between coexisting Te(IV) and Te(-II) compounds.  
   
Overall isotopic ranges and trends 
 Te isotopes (81 analyses) were obtained from forty eight tellurides, one sulfosalt 
(tetradymite), fifteen samples of native tellurium, thirteen tellurites, and two tellurates. Although 
Te isotope compositions are given in Table 3 as δ130/125Te, δ128/125Te, δ126/125Te, δ124/125Te, and 
δ122/125Te, the largest isotopic variations are shown for δ130/125Te (Fig. 4). Therefore, discussion 
of the isotope results will focus on values and variations reported in terms of δ130/125Te. The 
δ130/125Te values for tellurides ranges from -2.09 to 0.51 ‰, for native tellurium -0.87 to 0.62 ‰, 
for tetradymite 0.51 ± 0.09 ‰, for tellurites -1.96 to 0.58 ‰, and for tellurates -0.32 to -0.31 ‰. 
The δ130/125Te values of altaite and calaverite span the majority of the entire range of δ130/125Te 
values, whereas krennerite is clustered around -0.85 to -0.05 ‰; stützite, ranges from -0.27 to 0.4 
‰; and sylvanite, has δ130/125Te values from -0.78 to 0.44 ‰. 
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 Although the δ130/125Te values range from -1.96 to 0.58 ‰ for the o idized species, with 
the e ception of a one sample each of poughite (0.58 ± 0.07 ‰) and emmonsite (0.25 ± 0.11 ‰), 
the remaining 13 samples all have δ130/125Te values ranging between ~1.96 and  -0.12 ‰ . The 
δ130/125Te values for the two tellurates overlap with the isotopic range demonstrated by the 
tellurites. 
  
Te mineral pairs 
Four pairs of intergrown tellurides and one native tellurium-tellurite pair were analyzed 
to assess isotope partitioning between coexisting phases and to directly assess the effects of 
oxidation on the Te isotope signature (Fig. 5).   
Samples of intergrown rickardite-altaite, sylvanite-krennerite, and two samples of 
sylvanite-stützite were analyzed. Altaite showed a value of δ130/125Te   0.93 ± 0.07 ‰, which 
was isotopically heavier than coexisting rickardite (-1.23 ± 0.08 ‰).  Similarly, sylvanite (-0.30 
± 0.06) was isotopically heavier than coexisting krennerite, (-0.55 ± 0.06 ‰). For the two 
sylvanite- stützite pairs, one pair was isotopically identical within uncertainty with δ130/125Te = -
0.37 ± 0.21 ‰ for stützite and -0.15 ± 0.10 for sylvanite. The other pair was within 0.05 ‰ of 2σ 
uncertainty with sylvanite slightly isotopically heavier than stützite, with δ130/125Te = -0.27 ± 
0.08 ‰ for stützite and -0.18 ± 0.01 ‰ for sylvanite. 
 The isotopic compositions of the native tellurium-emmonsite pair is of particular interest 
because native tellurium is considered a primary mineral and the emmonsite a secondary 
weathering product formed by supergene processes. The grains that were sampled were ~4 cm 
apart from one another in the hand specimen, providing for the opportunity to assess the effects 
of low-temperature oxidation on Te isotope fractionation. The native tellurium and emmonsite, 
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have an identical isotope signature with a δ130/125Te of -0.74 ± 0.10 and -0.74 ± 0.07 ‰, 
respectively. 
 
Discussion 
Crystallographic effects on fractionation 
 Isotope partitioning between two coexisting solids, both of which contain the element of 
interest, in large part, depends on the nature and strength of the bonds between the element of 
interest and the other atoms in the crystal lattice. Some work has been done on the relationship 
between bond strengths and isotope partitioning in metal-chalcogenide systems (e.g., metal 
oxides, Zheng, 1991; metal sulfides, Bachinski, 1969). In both of these cases, there is a strong 
correlation between the strength of the bonds in each coexisting mineral and the isotope 
partitioning between mineral phases. 
The overall data set indicates that there are, in some cases, crystallographic controls on 
isotope partitioning between coexisting telluride pairs since appreciable fractionation is observed 
between pairs of altaite-rickardite and sylvanite-krennerite. From two sylvanite-stützite pairs that 
were analyzed, the delta values are coincident within the uncertainty of analysis. 
Calculated isotope fractionations in the simplest Te(-II) telluride crystals (CdTe, hessite, 
and altaite) show a strong, roughly linear correlation with bond strength (Fig. 6). In general, 
130
Te/
125
Te is higher in tellurides with shorter bond lengths, which presumably corresponds to 
higher bond strength. This correlation between bond strength and calculated isotope 
fractionations can also be seen in the gas-phase molecules with the same oxidation state of 
tellurium. 
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Redox effects on fractionation 
The total range of fractionation, in terms of δ130/125Te, between the reduced species (i.e., 
tellurides and native tellurium), is 2.85 ‰, which is nearly the same as the 2.70 ‰ total 
fractionation between the oxidized species (i.e., tellurites and tellurates). However, whereas the 
tellurides and native tellurium span the majority of that range, the tellurites and tellurates tend to 
be isotopically light. Two samples, one of emmonsite (9659-2) and one of poughite (M34162) 
have positive values of δ130/125Te   0.25 ‰ and δ130/125Te = 0.58 ‰, respectively. If these 
samples are considered outliers, the isotopic range of the tellurites and tellurates is restricted to 
1.98 ‰, ranging from δ130/125Te = -2.12 to -0.14 ‰. Overall, this follows the trend of decreasing 
fractionation with increasing atomic mass within a group of the periodic table, since it is 
considerably smaller than the natural isotopic range observed for O, S, and Se. 
 However, the total range of fractionation of both the oxidized and reduced/neutral Te 
minerals, coupled with the native tellurium-emmonsite pair suggest that reduction-oxidization 
reactions affect fractionation in only a minor way, if at all. Previous studies have demonstrated 
the pronounced effects of reduction/oxidation and element transport on elements in ore-forming 
and weathering environments such as Cu (e.g., Markl et al., 2006) and  Se (e.g., Johnson, 2004). 
All of these studies highlight that changes in redox state can yield significant isotopic 
fractionation. 
In the case of Se, which we consider a Te analog because of its position in the same 
group, Johnson (2004) suggested that abiotic processes could lead to fractionation of Se by up to 
12 ‰ during stepwise reduction of Se(VI)  Se(IV) and a further 12 ‰ during reduction 
from Se(IV)  Se(0). Likewise, bacterial processes may cause up to 5 and 9 ‰ fractionation 
during these respective reduction reactions. Similarly, Baesman et al. (2007) demonstrated that 
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Se-fixing bacteria can respire by Te(VI) or Te(IV) reduction to Te(0), leading to 0.4 to 1.0 ‰ 
amu
-1
 fractionation of Te.  
However, Johnson et al. (2000) and Johnson (2004) showed that low-temperature, abiotic 
oxidation reactions, from Se(0)  Se(IV), along with Se(IV)  Se(VI) yields little to no 
fractionation. Johnson (2004) suggested that the kinetic isotope effect associated with breaking 
Se-O bonds during reduction is pronounced, whereas it is relatively insignificant during 
oxidation. In light of the data from this study, particularly the overlap in isotopic range between 
primary and secondary Te species as well as the identical delta value of a native tellurium-
emmonsite pair, suggests that Te displays similar geochemical behavior to Se during oxidation, 
in that abiotic oxidation during weathering of tellurides may result in little to no discernible 
fractionation. Further study of Te fractionation and speciation during oxidation/reduction in a 
controlled environment are necessary, however, to confirm this suggestion. 
There are no data, experimental or empirical, which depict the fractionation expected as a 
result of Te(-II) o idation. The coincidence of δ130/125Te values for tellurides, tellurites, and 
tellurates, some of which, presumably, formed as a result of oxidation of Te(-II) in telluride 
minerals, suggests small, if any, fractionation. Small fractionation of Te(-II) is consistent with 
the small fractionation in S isotope values during S(-II) oxidation (Fry et al., 1988), and the 
assumption made by Johnson (2004) that there is only small isotope fractionation associated with 
the oxidation of Se(-II). 
  
Te Isotopes Discriminated by Deposit 
 Of note are the ranges of Te isotope values in tellurides when discriminated by the 
locality of sample collection, which is related to the style of hydrothermal mineralization (Fig. 
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7). Most of the data presented here originate from epithermal systems related to the relatively 
shallow emplacement of alkaline igneous rocks (e.g., Cripple Creek, Boulder County, La Plata 
district, etc.). However, other ore styles in which tellurides occur, such as the 
orogenic/meosthermal mineralization at Kalgoorlie and Savodinski, and the Mattagami Lake 
volcanogenic massive sulfide deposit.  Discriminating the data by deposit enables the assessment 
of commonalities in the conditions of mineralization for each deposit to assess their effect on the 
isotopic composition. The general characteristics for each of the major ore bodies are listed in 
Table 4. 
 
 Temperature of formation 
 As the magnitude of isotopic fractionation is dependent on temperature (i.e., 1/T
2
), it is 
expected that the range in fractionation within a given deposit would be controlled, in part, by 
the temperature at which the deposit formed. Temperatures of formation of mineralization were 
constrained based on fluid inclusion data collected from mineralized quartz veins.  
 Of the deposits studied here, the majority are epithermal and host veins that mineralized 
over a temperature range of 130-270° C (Table 4). The temperatures reported at Mattagami are 
coincident with the higher range of temperatures in the epithermal systems, ranging from 230-
290° C (Table 4, Costa et al., 1983), whereas pressure-corrected temperatures at Kalgoorlie 
exceed 400° C (Table 4, Phillips & Groves, 1983). The expected trend of decreasing 
fractionation with increasing temperatures is not observed in the samples studies here. In fact, the 
deposits that formed at the highest temperatures (Kalgoorlie and Mattagami) show the largest 
range in overall fractionation, whereas those that formed at lower temperatures show the smallest 
ranges. 
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 Phase separation (e.g., boiling, effervescence) 
 Thermodynamic models as well as empirical evidence suggest that Te can be transported 
in appreciable quantities in the vapor phase (e.g., Brugger et al., 2013). Due to the effects of 
phase change on the isotopic signature of other elements (e.g., the evaporation and condensation 
of oxygen in water), it was thought that definitive evidence of phase separation during 
mineralization would induce larger Te isotope fractionations. However, this is not conclusively 
the case. 
 Of the deposits studied, evidence for phase separation in the ore-forming fluids was 
deduced by the presence or absence of vapor-rich fluid inclusions. The deposits in the Boulder 
County and La Plata districts, as well as Mattagami showed no evidence for boiling, whereas 
those at Cripple Creek, Emperor, and Kalgoorlie contain vapor-rich fluid inclusions coexisting 
with aqueous fluid inclusions, suggesting phase separation during mineralization (Table 4). 
Nonetheless, there is little correlation between the magnitude of overall fractionation and the 
occurrence of boiling during mineralization. Deposits exhibiting phase separation demonstrate 
both narrow (e.g., Cripple Creek and Emperor) and wide (e.g., Kalgoorlie) ranges in Te isotope 
values, as do the deposits that show no evidence for phase separation (e.g., La Plata, narrow 
range; and Mattagami, wide range). This suggests that, phase separation is not a primary control 
on the magnitude of isotope fractionation that is observed in a given ore system. 
 
 Genetic model 
 The main trend that discriminates the magnitude of fractionation within a deposit seems 
to be related to the mode of ore formation. The δ130/125Te values for tellurides and native 
tellurium in epithermal deposits, such as Cripple Creek, Emperor, and the Boulder County 
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district, are clustered tightly about each other, whereas those measured from orogenic and VMS 
style mineralization exhibit a larger spread in isotope values. It appears that source rocks, the 
degree of water-rock interaction, and the duration of the mineralization process may affect the 
values of δ130/125Te more so than the other variables such as T, and phase separation. 
 In the case of the source rocks from which the metals are derived, the mineralization 
styles differ widely. In epithermal deposits, it is generally accepted that the source of the metals, 
hydrothermal fluids, and the heat engine which drives fluid flow is the spatially-related, 
shallowly emplaced igneous pluton. In VMS systems, ore fluids are composed of magmatic 
fluids with a predominantly seawater input, with metals derived both from the igneous pluton 
and from the extensive leaching of seafloor basalts.  Models for the formation of orogenic 
systems invoke the derivation of metals and ore fluids from the devolatilization of upper 
greenschist facies rocks (or even higher metamorphic grades), with fluids flowing and 
mineralization occurring along lengthy geologic structures. The effects of water rock interaction 
have been long-noted for the exchange of elements, including oxygen in bulk rock and metals, 
such as copper, in acid mine drainage (e.g., Banner & Hanson, 1990; Johnson, 2002), as well as 
in light stable isotopes (e.g., C, O, and H). The data presented here suggest that increased 
interaction between host-rocks and ore fluids in orogenic and VMS deposits may induce a larger 
fractionation than in epithermal systems where fluids are locally derived from an intrusion.  
  
Te fractionation during Au-(Ag-) telluride mineralization 
Grundler et al. (2013) reported that Te and Au concentrations in >200° C, basic, CO2-rich 
hydrothermal fluids from the epithermal Lihir Au deposit (Simmons and Brown, 2006), 
coincided with their predictions from thermodynamic modeling. They also noted that elevated Te 
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concentrations as measured from fluid inclusions from other deposits develop under highly 
reducing and highly oxidizing conditions.  
If Te is transported in hydrothermal fluids in the oxidized state (e.g., TeO3) as predicted 
by Grundler et al. (2013), then reduction to form Au tellurides could occur by fluid mixing or 
fluid-rock interaction via the following reaction: 
 
2 H2TeO3 + Au(HS)2
-
 + H
+
 = AuTe2(s) +2HS
-
 + 2.5 H2O + 1.75 O2(g) 
 
Tellurium transported under reducing conditions may be transported by polytelluride 
complexes (e.g., Te2
2-
) and be precipitated during cooling of hydrothermal fluids following a 
reaction such as: 
  
Te2
2-
 + Au(HS)
2-
 + H
+
 + 0.25 O2(g) = AuTe2(s) + 2HS
-
 + 0.5 H2O 
 
130
Te/
125
Te in Te(IV) species (TeO3
2-
) is predicted to be 3-4‰ higher than reduced Te-
species  such as calaverite (AuTe2) , hessite (Ag2Te), krennerite, altaite, and  petzite at 100° C, 
suggesting that strong isotopic fractionation is a likely consequence if  Te(IV) species play the 
role of transporter of tellurium to hydrothermal deposits. Kinetic control of fractionation, or 
quantitative precipitation of aqueous tellurium species, could potentially act to make observed 
fractionations smaller than would be predicted at equilibrium. 
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Comparison to Se isotopes in ore-forming systems 
 Layton-Matthews et al. (2013) revealed variability of Se isotopes in ore-forming systems, 
specifically in two volcanogenic massive sulfide deposits and one volcanic sediment-hosted 
massive sulfide deposit. Massive sulfide deposits are among the largest Se repositories on Earth, 
with Se hosted in selenide minerals or in Se-rich sulfides in which the Se substitutes for S in 
solid solution. However, the source for the Se is a matter of debate as to whether it was derived 
from magmatic sources or assimilated from the host rock during sulfide formation. Layton-
Matthews et al. (2013) coupled Se isotope analysis with analyses of stable isotopes of S and Pb 
to assess the provenance and mechanism for concentration of the Se in the three massive sulfide 
deposits. 
 In their study, Layton-Matthews et al. (2013) analyzed the isotopes of Se bound as Se
2-
 
within sulfides and found that the three deposits had a rather large range of δ 82/76Se of -10.2 to 
0.7 ‰. Based on the Se concentrations and host geology, they conclude that in two of the 
systems, Se was sourced primarily from magmatic exsolution or scavenging of magmatic 
sulfides. In these two systems, δ 82/76Se values ranged from -3.8 to 0.7 ‰. In the other system, 
the majority of the Se was scavenged by hot, hydrothermal fluids from a sedimentary source with 
a minor magmatic input and the δ 82/76Se values were much more negative δ 82/76Se = -10.2 to -
2.3‰. 
 If the assumption is correct that the majority of Te in Te-rich ore systems is of magmatic 
origin (e.g., Zhang and Spry, 1994; Richards, 1995), rather than being scavenged from sediments 
(e.g., Jensen and Barton, 2000), then the range of Te isotope compositions presented here is 
similar  to that of magmatic Se reported in Layton-Matthews et al. (2013). Furthermore, the 
magnitude of the range of Se isotope values, which is larger in samples for which Se was 
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scavenged from host rock than for those of magmatic origin may reflect the same processes by 
which Te isotope values are wider in range in deposits subjected to extensive water-rock 
interaction. 
 The δ 130/125Te values reported here range from -2.09 to 0.77 ‰ (-0.42 – 0.15 ‰ amu-1), 
is smaller than that for magmatic Se at -3.8 to 0.7‰ (-0.63 – 0.12 ‰ amu-1). The decrease in 
fractionation magnitude may be explained by the increase in mass between Te and Se. 
Nevertheless, fractionation of these elements can be on the order of a per mil or greater in ore-
forming systems.  
 
Conclusions 
 Thermodynamic models demonstrate appreciable Te isotope fractionation between a 
coexisting mineral or aqueous phase and a hypothetical Te vapor. 
130
Te/
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Te is predicted to be 
higher for oxidized species. Calculated isotope fractionations show an apparent correlation 
between isotopic substitution and bond strength in simple telluride crystals, indicating a strong 
relationship between crystal structure, bond strength, and isotopic properties. 
 MC-ICP-MS measurements of Te isotopes in tellurides and native tellurium show delta 
values ranging from δ130/125Te = -2.08 to 0.77 per mil for tellurites and δ130/125Te = -2.12 to 0.58 
per mil for tellurates. The overlap of these ranges and the isotopic coincidence of the emmonsite-
Te pair tentatively suggests that oxidation processes are not responsible for sizable Te isotope 
fractionation, a process which has been observed in Se. However, it should be noted here that if 
the two outliers are removed from this study (i.e., emmonsite at 0.25 per mil and poughite at 0.59 
per mil), all of the tellurate and tellurite data are isotopically negative, indicating, perhaps, that 
fractionation during oxidation is somewhat preferential to the light Te isotopes. 
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 Between individual ore deposits containing abundant Te, there does not seem to be a 
direct correlation between temperature of formation nor the effects of phase separation on the 
overall magnitude of fractionation. There may exist a relationship between the source rocks and 
the degree of water-rock interaction during the mineralization process that controls overall Te 
isotope fractionation. In general, epithermal deposits that formed from a definitive, nearby 
igneous source rock demonstrated smaller ranges  in values, whereas those formed involving 
extensive water-rock interaction, leaching of host rocks, and/or metamorphism (i.e., VMS, 
orogenic) demonstrated larger ranges in delta values. 
 The isotope fractionation observed in primary tellurides and native tellurium may be 
explained by reduction of an oxidized aqueous phase. The range is coincident with that predicted 
by our models for reduction of H2TeO4 to telluride. Reduction fractionation is also observed by 
bacterial reduction processes as well as abiotic experimental results (Smithers and Krouse, 1968; 
Baesman et al. 2007). However, carefully controlled laboratory experiments involving reduction-
oxidation of tellurium and analyzing sequential aliquots for isotope ratios is necessary to confirm 
this hypothesis. 
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Figures 
 
Fig. 1. Stability diagram of various Te-species in logfO2 – pH space at a) 25° C and b) 300° C 
from Grundler et al. (2013). Note the stability of common Fe-bearing minerals superimposed.  
 
Fig. 2. Calculated β factors for fractionation of Te between a theoretical gas phase and various 
Te compounds. The oxidation state of Te is shown on the right side of each equilibrium line. 
Note the increase in magnitude of fractionation with larger changes in Te valency. 
 
Fig. 3. Calculated β factors for fractionation of Te between a theoretical gas phase and various 
tellurides and native tellurium.  
 
Fig. 4.  Overall range in Te isotope compositions for all data analyzed in this study. Each point 
represents an individual sample whereas the lines represent the range including 2σ error. 
 
Fig. 5. Comparison of Te isotope values for coexisting minerals pairs that are thought to be in 
equilibrium with one another. 
 
Fig. 6. Calculated β factors as a function of bond length. In general, shorter (stronger) bonds 
result in greater fractionation between species. 
 
Fig. 7. Distribution of δ130/125Te data using wet plasma conditions discriminated by mineral and 
locality. Mineral formulae and sample location are in Table 1. Error bars represent two standard 
deviation of the mean of multiple analyses. 
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Tables 
 
Table 1 
Sample number, mineral phase, chemical formula, and localities for samples analyzed in this study 
Sample Mineral Phase Ideal chemical formula Locality 
M19167B Denningite (Mn, Ca, Zn)Te2O5 Otto Mountain Mine, California 
9659-2 Emmonsite Fe2(TeO3)3 • 2H2O Bambolla Mine; Moctezuma, Sonora, Mexico 
M33434 " " Bambolla Mine; Moctezuma, Sonora, Mexico 
164335 " " Bambolla Mine; Moctezuma, Sonora, Mexico 
18834 " " Bambolla Mine; Moctezuma, Sonora, Mexico 
DMNS 9664 
Em* " " Bambolla Mine; Moctezuma, Sonora, Mexico 
5806 " " Tommy Knocker Mine; Catron County, New Mexico 
9660 Moctezumite 
 
Bambolla Mine; Moctezuma, Sonora, Mexico 
M4760 Montanite Bi2(TeO6) • 2H2O Otto Mountain Mine, California 
M20910 " " Otto Mountain Mine, California 
DMNS 9658* Paratellurite TeO2 (tet.) Bambolla Mine; Moctezuma, Sonora, Mexico 
M34162 Poughite Fe2(TeO3)(SO4)(H2O) • H2O Bambolla Mine; Moctezuma, Sonora, Mexico 
DMNS 9656* Tellurite TeO2 (orth.) Bambolla Mine; Moctezuma, Sonora, Mexico 
M19167A " " Bambolla Mine; Moctezuma, Sonora, Mexico 
164337 " " Bambolla Mine; Moctezuma, Sonora, Mexico 
DMNS 27* Native Te Te Good Hope Mine; Gunnison County, Colorado 
DMNS 11051* " " Klondike Mine; Finley Gulch, Saguache County, Colorado 
DMNS 12515* " " Good Hope / Mammoth Chimney Mine; Gunnison County, Colorado 
DMNS 9843-2* " " Good Hope / Mammoth Chimney Mine; Gunnison County, Colorado 
DMNS 9843-1* " " Good Hope / Mammoth Chimney Mine; Gunnison County, Colorado 
DMNS 9329* " " Good Hope / Mammoth Chimney Mine; Gunnison County, Colorado 
DMNS 14978* " " Cripple Creek, Colorado 
11206 " " Mountain Lion Mine; Magnolia District, Colorado 
DMNS 15585* " " Rex Mine; Gold Hill District, Boulder County, Colorado 
DMNS 12895* " " Phoenix Cross Mine; Boulder County, Colorado 
15578 " " Rex Mine; Gold Hill District, Boulder County, Colorado 
DMNS 10960* " " Boulder County, Colorado 
BAM-1† " " Bambolla Mine; Moctezuma, Sonora, Mexico 
9664 Te " " Bambolla Mine; Moctezuma, Sonora, Mexico 
M40600† " " Gunnison, Colorado 
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15555 Altaite PbTe Rex Mine; Gold Hill District, Boulder County, Colorado 
32555 " " Mattagami Lake Mine, Quebec 
118147 " " Kalgoorlie, Western Australia 
C404A " " Organ Mtns.; Las Cruces, New Mexico 
1061 " " Savodinksi Mine; Altai Mtns., Siberia 
CH-2† Calaverite AuTe2 Kalgoorlie, Western Australia 
11655 " " Kalgoorlie, Western Australia 
4903 " " Cresson Mine; Cripple Creek, Colorado 
139386† " " Deadwood Mine; Cripple Creek, Colorado 
4141 " " Cresson Mine; Cripple Creek, Colorado 
DMNS 15996* " " Cresson Mine; Cripple Creek, Colorado 
DMNS 12951* " " Cripple Creek, Colorado 
E1924† " " Cripple Creek, Colorado 
CH-1† " " Kalgoorlie, Western Australia 
CH-3† " " Kalgoorlie, Western Australia 
13143C " " El Paso Mine; Cripple Creek, Colorado 
M23799 Coloradoite HgTe Kalgoorlie, Western Australia 
17704 " " Kalgoorlie, Western Australia 
DMNS 5565* Krennerite (Au,Ag)Te2 Cresson Mine; Cripple Creek, Colorado 
DMNS 6452* " " Cripple Creek, Teller County, Colorado 
DMNS 13228* " " Cripple Creek, Colorado 
5405B " " May Day Mine; La Plata District, Colorado 
M23798† " " Kalgoorlie, Western Australia 
152116M Mattagamite CoTe2 Mattagami Lake Mine, Quebec 
14012 Melonite NiTe Cripple Creek District, Colorado 
146870 " " Kambalda, Western Australia 
M33684† Petzite Ag3AuTe2 Rice Lake Mine; Manitoba 
C404R Rickardite 
 
Organ Mtns.; Las Cruces, New Mexico 
DMNS 5950* Stützite Ag5-xTe3 Golden Fleece Mine; Lake City, Colorado 
DMNS 473A* " " May Day Mine; La Plata District, Colorado 
DMNS 15579* " " Rex Mine; Gold Hill District, Boulder County, Colorado 
DMNS 492A* " " May Day Mine; La Plata District, Colorado 
DMNS 11049* Sylvanite (Au,Ag)2Te4 Forest Queen Mine; Cripple Creek, Colorado 
Table 1 Continued 
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DMNS 5113* Sylvanite (Au,Ag)2Te4 El Paso Mine; Cripple Creek, Colorado 
M39285† " " Kalgoorlie, Western Australia 
DMNS 483A* " " May Day Mine; La Plata District, Colorado 
DMNS 8668* " " Boulder County, Colorado 
DMNS 473B* " " May Day Mine; La Plata District, Colorado 
DMNS 492B* " " May Day Mine; La Plata District, Colorado 
DMNS 5405A* " " May Day Mine; La Plata District, Colorado 
DMNS 510ES* " " May Day Mine; La Plata District, Colorado 
DMNS 477* " " May Day Mine; La Plata District, Colorado 
DMNS 480-1* " " May Day Mine; La Plata District, Colorado 
DMNS 480-2* " " May Day Mine; La Plata District, Colorado 
M43024 Tellurobismuthite Bi2Te3 Mattagami Lake Mine, Quebec 
85700 " " Whitehorn, Colorado 
126797 Tellurantimony Sb2Te3 Mattagami Lake Mine, Quebec 
47229 Tetradymite Bi2Te2S Empress Josephine Mine; Saguache Co., Colorado 
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Table 2  
Calculated isotope fractionation for gas molecules and crystals* 
 
298˚ K 373˚ K 500˚ K 
H2Te 1.0014 1.00104 1.00068 
Te2 1.00115 1.00074 1.00041 
TeO3
2-
 1.0069 1.00461 1.00266 
H6TeO6 1.01078 1.00716 1.00412 
    AuTe2 1.00221 1.00141 1.00079 
Native Te 
1.00110 
(1.00103) 
1.00070 
(1.00066) 
1.00039 
(1.00037) 
Ag2Te 
1.00163 
(1.00105) 
1.00104 
(1.00067) 
1.00058 
(1.00037) 
PbTe 
1.00114 
(1.00070) 
1.00073 
(1.00045) 
1.00040 
(1.00025) 
AuAgTe2 (1.00126) (1.00080) (1.00045) 
Au3AgTe8 (1.00128) (1.00081) (1.00045) 
*Data calculated using the Def2-SVPD basis set (plain numbers) and from 
periodic boundary condition plane-wave density theory (numbers in 
parentheses). 
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Table 3 
Stable Te isotope compositions (in per mil) of tellurates, tellurites, native tellurium, and tellurides*     
  
Sample (mineral) δ130/125Te 2σ ‰ amu-1 δ128/125Te 2σ ‰ amu-1 δ126/125Te 2σ ‰ amu-1 δ124/125Te 2σ ‰ amu-1 δ122/125Te 2σ 
‰ 
amu-1 
Te
llu
ri
te
s 
&
 T
e
llu
ra
te
s 
                
M19167B (den) -2.01 0.11 -0.40 -1.22 0.15 -0.41 -0.44 0.11 -0.44 0.45 0.05 -0.45 1.32 0.2 -0.44 
                
9659-2 (em) 0.25 0.11 0.05 0.09 0.11 0.03 -0.02 0 -0.02 -0.09 0.1 0.09 -0.22 0.03 0.07 
                
M33434 (em) -0.14 0.07 -0.03 -0.1 0.04 -0.03 -0.03 
-
0.05 -0.03 0.08 0.09 -0.08 0.25 0.24 -0.08 
                
164335 (em) -0.16 0.22 -0.03 -0.09 0.11 -0.03 -0.02 0.07 -0.02 0.02 0.1 -0.02 0.1 0.03 -0.03 
                
18834 (em) -0.17 0.04 -0.03 -0.13 0.2 -0.04 -0.05 0.17 -0.05 0.09 0.03 -0.09 0.25 0.15 -0.08 
                
9664 Em (em) -0.74 0.07 -0.15 -0.42 0.12 -0.14 -0.13 0.04 -0.13 0.27 0.07 -0.27 0.66 0.17 -0.22 
                
5806 (em) -1.27 0.13 -0.25 -0.76 0.04 -0.25 -0.25 0.09 -0.25 0.3 0.11 -0.3 0.93 0.13 -0.31 
                
9660 (moc) -0.76 0.16 -0.15 -0.43 0.11 -0.14 -0.06 0 -0.06 0.28 0.13 -0.28 0.55 0.06 -0.18 
                
M4760 (mont) -0.31 0.1 -0.06 -0.16 0.18 -0.05 -0.04 0.05 -0.04 0.12 0.05 -0.12 0.21 0.08 -0.07 
                
M20910 (mont) -0.32 0.11 -0.06 -0.21 0.31 -0.07 -0.1 0.14 -0.1 0.37 0.15 -0.37 0.4 0.21 -0.13 
                
9658 (ptte) -0.46 0.08 -0.09 -0.37 0.02 -0.12 -0.14 0.03 -0.14 0.16 0.13 -0.16 0.42 0.1 -0.14 
                
M34162 (pou) 0.59 0.07 0.12 0.27 0.21 0.09 0.09 0.14 0.09 -0.04 0.13 0.04 -0.18 0.03 0.06 
                
9656 (tte) -1.2 0.19 -0.24 -0.79 0.11 -0.26 -0.29 0.07 -0.29 0.3 0.02 -0.3 0.91 0.21 -0.30 
                
M19167A (tte) -1.36 0.06 -0.27 -0.79 0.16 -0.26 -0.3 0.1 -0.3 0.21 0.14 -0.21 0.83 0.01 -0.28 
                
164337 (tte) -1.58 0.13 -0.32 -0.91 0.12 -0.30 -0.32 0.08 -0.32 0.3 0.12 -0.3 0.91 0.16 -0.30 
N
at
iv
e
 T
e
llu
ri
u
m
 
                                
DMNS 27 (Te) 0.64 0.14 0.13 0.38 0.13 0.13 0.11 0.11 0.11 -0.10 0.06 0.10 -0.46 0.15 0.15 
                
DMNS 11051 (Te) 0.62 0.11 0.12 0.39 0.06 0.13 0.13 0.03 0.13 -0.09 0.05 0.09 -0.39 0.13 0.13 
                
DMNS 12515 (Te) 0.58 0.07 0.12 0.35 0.04 0.12 0.11 0.06 0.11 -0.10 0.1 0.10 -0.37 0.19 0.12 
                
DMNS 9843-2 (Te) 0.28 0.03 0.06 0.18 0.02 0.06 0.07 0.01 0.07 -0.06 0.2 0.06 -0.21 0.17 0.07 
                
DMNS 9843-1 (Te) 0.24 0.1 0.05 0.15 0.04 0.05 0.07 0.05 0.07 -0.04 0.06 0.04 -0.20 0.13 0.07 
                
DMNS 9329 (Te) 0.23 0.08 0.05 0.15 0.04 0.05 0.06 0.04 0.06 -0.02 0.15 0.02 -0.19 0.26 0.06 
                
DMNS 14978 (Te) 0.19 0.06 0.04 0.13 0.04 0.04 0.05 0.03 0.05 -0.01 0.05 0.01 -0.16 0.13 0.05 
                
11206 (Te) 0.16 0.07 0.03 0.15 0.16 0.05 0.06 0.05 0.06 -0.01 0.04 0.01 -0.04 0.30 0.01 
                
9
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DMNS 15585 (Te) 0.03 0.09 0.01 0.04 
0. 
02 0.01 0.00 0.09 0.00 -0.03 0.08 0.03 -0.12 0.18 0.04 
                
DMNS 12895 (Te) -0.02 0.06 0.00 0.01 0.06 0.00 0.00 0.08 0.00 -0.05 0.12 0.05 -0.08 0.20 0.03 
                
15578 (Te) -0.14 0.11 -0.03 -0.11 0.10 -0.04 -0.04 0.05 -0.04 0.04 0.01 -0.04 0.11 0.15 -0.04 
                
DMNS 10960 (Te) -0.20 0.07 -0.04 -0.12 0.06 -0.04 -0.04 0.05 -0.04 0.05 0.23 -0.05 0.14 0.05 -0.05 
                
BAM-1 (Te) -0.37 0.07 -0.07 -0.23 0.01 -0.08 -0.08 0.09 -0.08 0.10 0.07 -0.10 0.20 0.11 -0.07 
                
9664 Te (Te) -0.74 0.1 -0.15 -0.41 0.01 -0.14 -0.13 0 -0.13 0.21 0.25 -0.21 0.47 0.23 -0.16 
                
M40600 (Te) -0.87 0.06 -0.17 -0.53 0.04 -0.18 -0.21 0.02 -0.21 0.23 0.13 -0.23 0.59 0.08 -0.20 
Te
llu
ri
d
e
s 
                
19602 (alt) 0.23 0.14 0.05 0.17 0.13 0.06 0.10 0.1 0.10 0.01 0.05 -0.01 -0.18 0.15 0.06 
                
15555 (alt) 0.19 0.11 0.04 0.06 0.05 0.02 0.02 0.04 0.02 0.001 0.04 0.00 -0.02 0.11 0.01 
                
32555 (alt) -0.36 0.2 -0.07 -0.21 0.11 -0.07 -0.08 0.04 -0.08 0.2 0.09 -0.20 0.33 0.19 -0.11 
                
118147 (alt) -0.38 0.04 -0.08 -0.24 0.1 -0.08 -0.08 0.02 -0.08 0.08 0.06 -0.08 0.24 0.32 -0.08 
                
C404A (alt) -0.93 0.07 -0.19 -0.52 0.07 -0.17 -0.14 0.02 -0.14 0.24 0.11 -0.24 0.53 0 -0.18 
                
1061 (alt) -2.09 0.06 -0.42 -1.3 0.04 -0.43 -0.45 0.05 -0.45 0.46 0.13 -0.46 1.39 0.15 -0.46 
                
CH-2 (cal) 0.51 0.06 0.10 0.32 0.06 0.11 0.11 0.05 0.11 -0.08 0.19 0.08 -0.31 0.25 0.10 
                
11655 (cal) 0.38 0.14 0.08 0.14 0.07 0.05 0.02 0.02 0.02 -0.06 0.05 0.06 -0.16 0.12 0.05 
                
4903 (cal) 0.29 0.08 0.06 0.16 0.07 0.05 0.03 0.03 0.03 -0.04 0.07 0.04 -0.15 0.05 0.05 
                
139386 (cal) 0.23 0.12 0.05 0.14 0.12 0.05 0.02 0.04 0.02 -0.06 
0. 
14 0.06 -0.19 0.13 0.06 
                
4141 (cal) 0.21 0.07 0.04 0.09 0.08 0.03 0.03 0.06 0.03 -0.05 0.11 0.05 -0.05 0.33 0.02 
                
DMNS 15996 (cal) -0.11 0.08 -0.02 -0.05 0.05 -0.02 0.01 0.02 0.01 0.00 0.07 0.00 0.04 0.07 -0.01 
                
DMNS 12951 (cal) -0.14 0.08 -0.03 -0.09 0.05 -0.03 -0.03 0.02 -0.03 0.03 0.07 -0.03 0.07 0.07 -0.02 
                
E1924 (cal) -0.53 0.19 -0.11 -0.33 0.12 -0.11 -0.09 0.10 -0.09 0.10 0.06 -0.10 0.30 0.16 -0.10 
                
CH-1 (cal) -0.58 0.13 -0.12 -0.35 0.11 -0.12 -0.12 0.13 -0.12 0.12 0.17 -0.12 0.45 0.25 -0.15 
                
CH-3 (cal) -1.00 0.09 -0.20 -0.63 0.1 -0.21 -0.22 0.13 -0.22 0.19 0.19 -0.19 0.57 0.22 -0.19 
                
13143C (cal) -1.54 0.07 -0.31 -0.97 0.11 -0.32 -0.34 0.02 -0.34 0.33 0.14 -0.33 1.04 0.06 -0.35 
                
M23799 (col) 0.09 0.11 0.02 0.05 0.07 0.02 0.00 0.13 0.00 -0.06 0.14 0.06 0.01 0.16 0.00 
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17704 (col) -1.26 0.04 -0.25 -0.80 0.03 -0. 27 -0.30 0.05 -0.30 0.27 0.06 -0.27 0.71 0.22 -0.24 
                
5565 (kren) -0.05 0.06 -0.01 -0.04 0.08 -0.01 -0.01 0.06 -0.01 0.07 0.04 -0.07 0.07 0.07 -0.02 
                
DMNS 6452 (kren) -0.09 0.09 -0.02 -0.03 0.03 -0.01 0.00 0.06 0.00 0.03 0.03 -0.03 0.05 0.02 -0.02 
                
DMNS 13228 (kren) -0.25 
-
0.05 -0.05 -0.14 0.12 -0.05 -0.07 0.04 -0.07 0.05 0.13 -0.05 0.01 0.34 0.00 
                
5405B (kren) -0.55 0.06 -0.11 -0.30 0.05 -0.10 -0.10 0.02 -0.10 0.15 0.05 -0.15 0.37 0.42 -0.12 
                
M23798 (kren) -0.84 0.06 -0.17 -0.51 0.06 -0.17 -0.17 0.03 -0.17 0.21 0.13 -0.21 0.52 0.27 -0.17 
                
152116M (mat) 0.44 0.12 0.09 0.27 0.08 0.09 0.08 0.05 0.08 0.12 0.07 -0.12 -0.12 0.09 0.04 
                
14012 (mel) -0.63 0.13 -0.13 -0.38 0.07 -0.13 -0.16 0.04 -0.16 0.11 0.12 -0.11 0.29 0.17 -0.10 
               
 
146870 (mel) -0.89 0.02 -0.18 -0.57 0.00 -0.19 -0.22 0.01 -0.22 0.16 0.00 -0.16 0.58 0.05 -0.19 
                
M33684 (petz) -0.29 0.08 -0.06 -0.18 0.05 -0.06 -0.05 0.04 -0.05 0.06 0.11 -0.06 0.21 0.31 -0.07 
                
C404R (rick) -1.23 0.08 -0.25 -0.77 0.11 -0.26 -0.28 0.04 -0.28 0.20 0.05 -0.20 0.69 0.02 -0.23 
                
DMNS 5950 (stz) 0.40 0.07 0.08 0.25 0.07 0.08 0.09 0.05 0.09 -0.06 0.10 0.06 -0.24 0.12 0.08 
                
473A (stz) 0.00 0.08 0.00 -0.10 0.16 -0.03 -0.07 0.08 -0.07 0.01 0.10 -0.01 0.13 0.16 -0.04 
                
DMNS 15579 (stz) -0.25 0.13 -0.05 -0.14 0.10 -0.05 -0.04 0.08 -0.04 0.05 0.10 -0.05 0.18 0.21 -0.06 
                
492A (stz) -0.27 0.08 -0.05 -0.16 0.09 -0.05 -0.06 0.06 -0.06 0.19 0.11 -0.19 0.27 0.09 -0.09 
                
DMNS 11049 (syl) 0.44 0.10 0.09 0.28 0.07 0.09 0.13 0.01 0.13 -0.16 0.04 0.16 -0.40 0.08 0.13 
                
DMNS 5113 (syl) 0.27 0.06 0.05 0.17 0.02 0.06 0.06 0.06 0.06 -0.04 0.06 0.04 -0.17 0.07 0.06 
                
M39285 (syl) 0.23 0.07 0.05 0.16 0.06 0.05 0.06 0.05 0.06 -0.03 0.08 0.03 -0.02 0.10 0.01 
                
483A (syl) 0.17 0.10 0.03 0.10 0.08 0.03 0.03 0.05 0.03 0.03 0.10 -0.03 -0.10 0.14 0.03 
                
DMNS 8668 (syl) -0.10 0.08 -0.02 -0.04 0.06 -0.01 0.01 0.04 0.01 0.06 0.09 -0.06 0.05 0.24 -0.02 
                
473B (syl) -0.14 0.1 -0.03 -0.10 0.03 -0.03 -0.04 0 -0.04 0.09 0.04 -0.09 0.17 0.08 -0.06 
                
492B (syl) -0.19 0.01 -0.04 -0.13 0.06 -0.04 -0.04 0.01 -0.04 0.08 0.07 -0.08 0.13 0.02 -0.04 
                
5405A (syl) -0.30 0.06 -0.06 -0.22 0.09 -0.07 -0.11 0.04 -0.11 0.11 0.02 -0.11 0.30 0.03 -0.10 
                
510 ES (syl) -0.36 0.08 -0.07 -0.30 0.11 -0.10 -0.12 0.04 -0.12 0.08 0.01 -0.08 0.21 0.25 -0.07 
                
DMNS 477 (syl) -0.61 0.08 -0.12 -0.37 0.06 -0.12 -0.14 0.05 -0.14 0.14 0.12 -0.14 0.34 0.08 -0.11 
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DMNS 480-1 (syl) -0.70 0.02 -0.14 -0.43 0.01 -0.14 -0.13 0.02 -0.13 0.14 0.14 -0.14 0.49 0.08 -0.16 
                
DMNS 480-2 (syl) -0.78 0.02 -0.16 -0.48 0.01 -0.16 -0.19 0.02 -0.19 0.18 0.03 -0.18 0.38 0.08 -0.13 
                
M43024  (tebi) 0.77 0.10 0.15 0.49 0.10 0.16 0.18 0.06 0.18 -0.15 0.10 0.15 -0.5 0.33 0.17 
                
85700 (tebi) -0.92 0.17 -0.18 -0.57 0.09 -0.19 -0.2 0.04 -0.20 0.21 0.08 -0.21 0.67 0.01 -0.22 
                
126797 (tesb) -1.26 0.18 -0.25 -0.74 0.01 -0.25 -0.25 0.02 -0.25 0.34 0.04 -0.34 0.87 0.07 -0.29 
                
47229 (tetd) 0.51 0.09 0.10 0.31 0.06 0.10 0.11 0.03 0.11 -0.06 0.01 0.06 -0.28 0.18 0.09 
                
M43024  (tebi) 0.77 0.10 0.15 0.49 0.10 0.16 0.18 0.06 0.18 -0.15 0.10 0.15 -0.50 0.33 0.17 
 
Mineral abbreviations: den - denningite, em - emmonsite, moc - moctezumite, mont - montanite, ptte - paratellurite, pou - poughite, tte - tellurite, Te - native tellurium, alt - altaite, cal - calaverite, col - 
coloradoite, josb - joseite-B, kren - krennerite, mat - mattagamite, mel - melonite, petz - petzite, rick - rickardite, stz - stützite, syl - sylvanite, tesb - tellurantimony, tebi - tellurobismuthite, tetd - 
tetradymite.  
2σ error is 2 S.D. of the mean of multiple analyses. 
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Table 4 
Comparison of Te-rich deposit characteristics 
Deposit 
Mineralization 
Style Age (Ma) Associated Rocks Veins, Fluids, etc. Reference(s) 
Cripple Creek Epithermal 27-32 
Phonolites, latite-phonolite, syenite, and and alkali basalts 
brecciated and intruded into Precambrian intrusives and 
metavocanics ~250° C, H2O rich, boiling in places 
Kelley and Luddington 
(2002), Thompson et al. 
(1985) 
Boulder 
County Epithermal 44-55 
1.7 to 1.4 Ga metamorphics intruded by early Tertiary 
monzonites and syenite stocks and dikes 205-270°, 4 wt. % NaCl, non-boiling (Jamestown) 
Nash & Cunningham 
(1973) 
La Plata 
District Epithermal 70-85 
Monzonite, syenite, and diorite that crosscut Permian to 
Jurassic metasediments 
130-170°, 2-9 wt. % NaCl, some CO2 gas hydrates, 
non-boiling 
Saunders & May (1986), 
Werle et al. (1984) 
Organ 
Mountains Epithermal 30-33 Alkaline diorites, syenites, latites. 150-187°, 1.6-1.9 wt. % NaCl 
Kelley & Luddington 
(2002), Hill et al. (2000) 
Emperor Epithermal 3.89 +/- 0.05 
Shoshonitic lavas - absarokite, plagioclase absarokite, 
shoshonite, banakite 150-250° C, 1-15 wt. % NaCl, H2O rich, boiling Pals & Spry (2003) 
Kalgoorlie Orogenic 
2810 +/- 100 
Ma Metabasalts, greenschist - lower amphibolite 
~150 to >400°, H2O-CO2, neutral to oxidized, <4 wt. 
% NaCl, OH-, CO3
2-, and S2- likely ligands for Te 
transport 
Phillips & Groves 
(1983) 
Mattagami VMS Archaen 
Deposits hosted silicic volcanics and talc schists, but inferred 
to have formed at the seafloor within basaltic, gabbroic rocks. 
Closely associated with metagabbros 230-290°, 2-5 wt. % NaCl, non-boiling Costa et al. (1983) 
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Abstract 
This is the first stable Te isotope study of spatially constrained samples in an ore system. 
Values of 
130/125
Te in tellurides and native tellurium in the alkaline igneous rock-related Emperor 
gold deposit, Fiji, range from -0.36 to 0.66‰.  There is no significant correlation between the Ag 
content and the Te isotopic composition of sylvanite (AuAgTe4), but this may be due to the 
narrow range of Ag-content for sylvanite from Emperor (i.e., 9 to 13 wt.% Ag) compared to the 
larger natural range of 7 to 20 wt.%. Alternatively, it may be that Au-Ag solid solution has little 
effect on the partitioning of Te isotopes into the crystal structure of sylvanite. Based on 
similarities in the geologic setting of the alkaline-igneous rock related Cripple Creek Au, 
Colorado, and Emperor deposits and the narrow range of δ130/125Te values for tellurides and 
native tellurium from Emperor and previously published, unlocated samples from Cripple Creek 
(δ130/125Te = -0.53 to 0.19‰), the main factor controlling the range of delta values in these two 
epithermal systems is likely the genetically-related alkaline igneous source rocks. Stable Te 
isotope compositions of tellurides from the giant orogenic Kalgoorlie Au deposit, Australia, 
show a wider isotopic range of δ130/125Te  =  -1.00 to 0.23‰ and appear to have been more 
affected by the metamorphic nature of the ore fluids there and/or the higher degree of water-rock 
interaction during hydrothermal fluid transport. 
 
101 
 
Introduction 
  The study of non-traditional stable isotopes as they apply to ore-forming systems (e.g., 
Fe, Cu, Zn, Hg, Tl, Pb) has provided insight into metal transportation and deposition 
mechanisms, the sources of ore-forming  metals, and the formation of metallogenetic systems 
(e.g., Johnson et al., 2004). Of note, is that stable isotope variability of members of the chalcogen 
(group 16) elements (i.e., O, S, Se) has been applied to ore deposit studies. Oxygen and sulfur 
isotopes have seen widespread use as geothermometers and as well as providing information on 
the source of O and S in ore deposit studies for decades (e.g., Taylor, 1979; Ohmoto, 1986).  The 
increased sensitivity and ionization potential of plasma-sourced MC-ICP-MS instruments have 
allowed for the study of heavier elements that show smaller total fractionation, such as Se 
isotopes, the systematics of which have been evaluated recently at the ore deposit scale (Layton-
Matthews et al., 2013).  
  Models concerning the origin of hydrothermal gold deposits (e.g., orogenic, epithermal, 
reduced intrusion-related) have been strongly influenced by geochemical information derived 
from the light stable isotope systematics of O, H, C, and S, with only limited applications of non-
traditional isotopes (e.g., Hg, Smith et al., 2005; Fe Hofmann et al. 2009; Ag, Chugaev and 
Chernyshev, 2012). Gold-telluride deposits, typically associated with alkaline to calc-alkaline 
igneous rocks, represent a large repository of the Earth’s gold resources (e.g., Richards, 1995; 
Jensen and Barton, 2000; Ciobanu et al., 2006). In these deposits, gold occurs as individual 
grains, as inclusions in sulfides, as a structurally-bound trace element, and also bound in the 
crystal structure of precious metal tellurides. Because of its industrial applications and increasing 
demand, as well as the intimate association of tellurium with gold, developing an understanding 
of the geochemistry of tellurium is paramount to understanding the formation of tellurium-
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bearing hydrothermal ore systems, as well as gold-telluride systems, in general. Gold is 
monoisotopic and there are few stable isotope measurements of gold-rich minerals in an ore 
deposit (e.g., Fornadel 2013). The element Te bonds with Au to form more minerals than any 
other element, other than Ag. Therefore, by understanding the stable isotope systematics of Te in 
precious metal tellurides it should provide a better understanding of the geochemistry of gold 
telluride ores, in general.  
Tellurium, like the other chalcogens, exhibits a relatively wide range of oxidation states 
(-II to +VI) and has eight stable isotopes ranging in mass from 120 to 130. Stable isotope 
variability of tellurium in ore deposits shows potential utility, but, as of yet, has not been 
resolved at the deposit scale. The first stable Te isotope studies were conducted by Smithers and 
Krouse (1968) and Smith et al. (1978) with both studies analyzing six samples of tellurides and 
native tellurium from various hydrothermal ore deposits. However, owing to the large analytical 
uncertainties associated with the negative thermal ionization mass spectrometers at the time, Lee 
and Halliday (1995) pointed out that both studies yielded poor results. 
 Employing multicollector inductively-coupled plasma mass spectrometry (MC-ICP-MS), 
the studies of Fornadel et al. (2013, 2014) demonstrated resolvable fractionation of Te of up to 
2.6 ‰ in 130/125Te from primary tellurides and native tellurium collected from various 
hydrothermal systems, as well as secondary oxidized Te species formed as a supergene 
weathering product. Nonetheless, samples from those studies were geologically unconstrained in 
terms of sample location, or paragenetic stage. 
 This paper reports variability of stable Te isotopes in tellurides and native tellurium from 
the ~10 M oz. intrusion-related, low-sulfidation epithermal Emperor gold deposits, Fiji. Because 
the causes of variability of Te isotopes in ore systems are largely unknown, the deposit 
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represents an ideal locality to assess their variability due to the well-constrained geology and 
geochemistry of the deposit, and with regards to sample location since samples are part of the 
collection used in the studies of Pals (2002), Pals and Spry (2003) and Pals et al. (2003). Here, 
we combine Te isotope data with existing information on mineralization and paragenesis in an 
attempt to identify controls on Te isotope fractionation in an ore-forming system. However, we 
are unable to evaluate the potential sources of Te in the deposit since, unlike other non-
traditional isotopes systems where the isotopic composition of terrestrial geological materials is 
known (e.g., Fe, Cu, Tl, Coplen et al., 2002; Se, Rouxel et al., 2002; Zn, Wilkinson et al., 2005; 
Ni, Gueguen et al., 2013), Te isotope compositions of terrestrial materials are yet to be 
determined. 
 Comparisons are made between isotope data obtained here and previously published 
stable Te isotope compositions of Fornadel (2013) from unlocated samples in the Emperor, 
Cripple Creek and Kalgoorlie Au deposits. 
 
Geological and Mineralogical Setting of the Emperor Gold Deposit 
 The Emperor gold-silver telluride deposit is located on the western portion of the Tavua 
Caldera on the island of Viti Levu (Fig. 1). The late Miocene to early Pliocene Ba volcanic group 
comprises the local geology, including the ~4.5 Ma lavas of the Tavua Volcano (Gill and 
Whelan, 1989). The lavas are predominantly shoshonitic, including absarokite, plagioclase 
absarokite, shoshonite, and banakite, but monzonitic stocks are present in the center of the 
caldera and in the ore zone (Setterfield et al., 1992; Begg, 1996; Begg and Gray, 2002). The 
collapse of the Tavua caldera led to tilting and brittle extension of the host rocks. The gold 
telluride mineralization occurs in faults that formed as a result of caldera collapse. 
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 The mineralization formed in two styles, low-grade porphyry Cu style and spatially 
related, contemporaneous epithermal Au style mineralization. Both are hosted in quartz veins 
adjacent to the caldera in steeply dipping veins, shatter zones, and ‘flatmakes’ (shallow-dipping 
vein structures) (Fig. 2). Fluid inclusions in quartz veins associated with each style showed  that 
the porphyry mineralization formed at ~200-400° C from two immiscible fluids under boiling 
conditions, whereas the epithermal mineralization formed at ~150-250° C from moderate salinity 
fluids (e.g., Ahmad et al., 1987, Kwak, 1990; Eaton and Setterfield, 1993; Begg, 1996). The 
porphyry-style mineralization is low-grade and uneconomical. Although Au is predominantly 
hosted as “invisible gold” in arsenian pyrite, 10-50% of the precious metal budget at Emperor 
occurs in the form of tellurides (Pals et al., 2003). 
 The tellurides at Emperor predominantly occur in quartz veins and are associated with 
pyrite and are subordinate in amount to sulfides. They formed in three (Stages II, III, and IV) of 
eight hydrothermal stages observed at Emperor (Ahmad et al., 1987; Pals et al., 2003). In 
general, Au-rich tellurides formed early (Stage II and to a lesser extent in Stage III), including 
sylvanite (AuAgTe4), krennerite [(Au,Ag)Te2], and calaverite (AuTe2). Other Te-bearing 
minerals in this stage were native tellurium, melonite (NiTe2), altaite (PbTe), and coloradoite 
(HgTe) and were followed paragenetically by Ag-rich tellurides, including petzite (Ag3AuTe2), 
hessite (Ag2Te), and stützite (Ag5-xTe3). Other less common Te-bearing minerals in Stage IV 
include coloradoite, melonite, benleonardite [Ag8(Sb,As)Te2S3] and nagyágite [Pb5Au(Te,Sb)4S5-
8]. Pals and Spry (2003) constrained the conditions of formation of the earliest tellurides at T = 
~250°C, log fS2 = -12.7 to -9.8, and log fTe2 = -9.4 to -7.8, and proposed that the source of Te, 
among other metals, was likely to be the pre-caldera monzonites. 
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Samples and Methods 
 The samples for this study were from underground locations and drill core and consisted 
predominantly of quartz-carbonate veins that contained visible tellurides. Details on the 
mineralogy and mineral chemistry of samples used in the present study are given in Pals (2002) 
and Pals and Spry (2003). Thirteen samples were analyzed, from three different ore zones. Due 
to limitations based on the size of the grains that could be sampled, as well as the overall 
abundances of tellurides in the various ore zones, the majority of the samples originated from 
Matanagata East (n = 9), with three samples from R1, and one sample from the 2000N ore zone. 
 Composition of the tellurides and native tellurium was determined using an ARL-SEMQ 
electron microprobe at Iowa State University. Standards used for Au, Ag, and Te were pure 
metals and the microprobe used the PRSUPR data reduction method described by Donovan et al. 
(1992). Operating conditions of the microprobe were an accelerating voltage of 20 kV and a 
sample current of 10 nA, with a 2 µm focusing diameter for the electron beam. 
 The sampling of individual tellurides and analytical methodology for Te isotope 
measurement is outlined here, but are presented in detail in Fornadel et al. (2014). For this study, 
samples were embedded in epoxy and polished to a mirror finish for petrographic analysis as 
well as sampling. After identification and microprobe analysis, selected grains were milled from 
the mount using a Merchantek Micromill, during which the dislodged portion was suspended in a 
drop of Milli-Q water. This drop was transferred into clean, PFA beakers with a micropipette and 
heated to incipient dryness at ~80° C. 
 The dried samples were dissolved in 4 mL of aqua regia, capped, and heated overnight at 
~80° C. The beakers were then uncapped and allowed to dry to incipient dryness. The dried 
residuum of aqua regia digestion was remobilized in 2 mL of 2 N HCl and subjected to ion 
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exchange chromatography using Bio-Rad AG-1-X8 anion exchange resin in order to separate Te 
from other matrix elements, most notably Au and Ag. 
 Samples were analyzed for isotopic variability using a Nu Instruments Nu Plasma at the 
Geological Survey of Canada (GSC) in Ottawa. As no internationally-recognized standard exists 
for Te isotope measurements, all samples were compared to an in-house standard solution 
prepared from an ingot of 99.9999% pure Alfa Aesar Puratronic tellurium metal. Sample and 
standard solutions were introduced into the instrument using solution nebulization at a 
concentration of 2 ppm Te with 1 ppm Cd added to each to correct for temporal shifts in 
instrument mass bias. Samples were analyzed five times, with each analysis comprising 30 
cycles of measurement. A sample-standard bracketing method was employed, alternating 
samples and standards for each analysis.  
 After correcting for interference on Te masses by isotopes of Xe (in the Ar plasma) and 
for instrument drift, data in this study are reported in standard delta notation: 
 
                                                δ /125Te   [(
  Te/125Te)sample
  Te/125Te)standard
)    ]       
All ratios are reported relative to 
125
Te as it is the lowest mass of Te with appreciable abundance 
and without isobaric interferences from other elements. The associated uncertainty represents 
two standard deviation of the mean of the five analyses. 
  
Results 
 The thirteen samples analyzed from Emperor range in δ130/125Te from -0.36 to 0.66 ‰ 
(Table 1; Fig. 3) The total variability is defined by the nine samples collected from the 
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Matanagata East ore zone, whereas the remaining four samples fall within that range, with the 
three samples from R1 ranging from -0.22 to -0.10 ‰, and the single sample from 2000N at 0.31 
‰. 
 Based on electron microprobe analyses, the sylvanite samples contain 9.38 to 11.10 wt.% 
Ag (Fig. 4) 
  
Discussion 
 The total Te isotope variability at Emperor (δ130/125Te = -0.36 to 0.66‰) is similar to that 
observed for the Cripple Creek district (δ130/125Te = -0.53 to 0.19‰), another well-known Te-rich 
epithermal Au deposit (Fornadel et al., 2013; Fig. 5). In both cases, telluride mineralization was 
carried in aqueous, weakly saline, boiling, magmatic ore fluids at 150-250° C, and is genetically 
and spatially related to alkaline igneous intrusions. The Te isotope data for tellurides from both 
districts are largely centered on 0 ± 0.5‰, suggesting that the transport and mineralizing 
processes in both systems did not induce large isotopic fractionations and that such an isotope 
signature may reflect the isotopic composition of the source rock (i.e., monazite at Emperor). 
Though the isotopic compositions of tellurides at other epithermal deposits are not necessarily 
clustered around 0‰, as shown by Fornadel (2013, 2014), they do tend to cluster around a given 
set of values, such as the La Plata district, in which isotopes are clustered around -0.46‰ and the 
Gunnison County district, with isotope values largely clustered about 0.42‰. This clustering, or 
tight grouping of isotope values in epithermal ore districts may indicate little overall 
fractionation during the mineralization process.  
 The isotopic ranges for the three sample localities at Emperor may be explained by 
fractionation induced by transport and limited interaction with the absarokitic to shoshonitic host 
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rocks. Of the three flatmakes sampled, R1 is hosted within the intrusive, subvolcanic rocks from 
which metals and ore fluids are inferred to have been derived, and has a narrow, negative range 
of -0.22 to -0.10 ‰. Those from 2000N and Matanagata East are hosted in adjacent, absarokitic 
country rock show a wider range of -0.36 to 0.66‰.  This would suggest that interaction of 
hydrothermal fluids with country rock may increase the magnitude of fractionation. 
 Fornadel et al. (2013, 2014) demonstrated that samples from epithermal systems show a 
relatively narrow range of delta values, contrary to those sampled from VMS and orogenic 
systems (Fig. 5). For example, samples from the Cripple Creek and Boulder County districts are 
largely centered on 0‰, and the La Plata and Gunnison districts at -0.46 and 0.42‰, 
respectively. Conversely, those sampled from VMS and orogenic styles of mineralization, 
particularly those associated with metamorphic rocks, show a larger spread in isotope values. For 
example, samples from the Mattagami Lake Mine (VMS), as well as Kalgoorlie and Savodinski 
(orogenic), show a relatively even distribution of isotope values throughout a wide range at -1.26 
to 0.77‰ (Mattagami), -2.09 to 0.2‰ (Savodinski), and  -1.26 to 0.51‰ (Kalgoorlie). The 
differing fractionation patterns implies that different sources (i.e., igneous versus metamorphic) 
and perhaps the degree of water-rock interaction induces a significant isotopic exchange between 
hydrothermal fluids and country rock. 
 Along with the degree of water-rock interaction, there are likely other controls on 
fractionation. In comparison with delta values of Te minerals from the orogenic Kalgoorlie 
deposit, where metal-rich fluids are inferred to have been sourced from deep, metamorphic 
devolatilization reactions, the isotopic ranges at the epithermal Emperor and Cripple Creek are 
narrower. Yet, all three systems exhibit coexisting liquid- and vapor-rich fluid inclusions in 
mineralized veins, which is interpreted as evidence for phase separation (e.g., boiling, 
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effervescence). The disparate isotopic patterns between the three ore systems may indicate that 
partitioning of Te between the liquid and vapor phases during hydrothermal transport has a small 
effect on the overall isotopic values. 
 Estimates of the temperature of formation of mineralization at Kalgoorlie are equivocal, 
with fluid inclusion evidence suggesting temperatures of 110° to >400° for various ore bodies 
and styles of mineralization in the district (e.g., Phillips & Groves, 1983; Clout, 1989), whereas 
those at Emperor and Cripple Creek range from ~150-250° C. Thermodynamics that govern 
fractionation suggest that higher temperatures yield smaller isotopic fractionation, which is the 
opposite of what we report here. Thus, the temperature of mineralization may also play a 
secondary role in dictating the absolute magnitude of fractionation when comparing ore systems. 
 It is likely that the source of the Te metal, coupled with the degree of host-rock 
interaction are the primary agents that control total fractionation in these ore systems. At 
Emperor and Cripple Creek, mineralization resulted directly from the emplacement of alkaline 
igneous bodies and mineralization resulted from magmatic-hydrothermal fluid flow into 
immediately adjacent country rock. Conversely, ore fluids at Kalgoorlie likely formed as a result 
of devolatilization of basaltic rocks during metamorphism (Phillips & Groves, 1983). 
 Though several of the Au-Ag tellurides demonstrate a significant solid solution series, 
sylvanite shows the largest, with Ag content ranging from 7-20 wt. %. However, like data 
reported for sylvanite samples analyzed previously (Fornadel et al., 2013, 2014), the Te isotope 
values for sylvanite from Emperor show no statistical correlation to Ag content (Fig. 4). The 
sylvanite samples analyzed here only range from 9 to 13 wt. % Ag, rather than demonstrating a 
larger variability in Ag content, perhaps accounting for the lack of correlation between Ag 
content and Te isotope composition. On the other hand, it is possible the change in bond strength 
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between Te coordinated with Au and Te coordinated with Ag is not significant to be preferential 
to a given isotope. The effects of solid-solution chemistry of tellurides on their Te isotopic 
composition may be better assessed with a larger suite of samples that better span the total range 
of Ag content. 
The Te isotope data are preliminary, but indicate that physicochemical characteristics 
unique to each of styles of mineralization, such as temperature, ore-fluid composition, 
occurrence of phase separation during mineralization, the source of the metal(s), and degree of 
water-rock interaction may dictate the Te isotope composition of tellurides and native tellurium 
in associated veins. 
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Figures 
Fig. 1. Generalized geologic map of the Tavua caldera and associated rocks. From Pals and Spry 
(2003) 
 
Fig. 2. Vertically stacked, plan-view map of mine flatmakes (FM) and orebodies at Emperor. 
From Pals and Spry (2003) 
 
Fig. 3. Tellurium isotope compositions of tellurides and native tellurium sampled from three 
orebodies of the Emperor deposit. Error bars represent 2σ uncertainty. 
 
Fig. 4.  Tellurium isotope compositions of sylvanite plotted as a function of silver content. There 
is no significant correlation between Ag and δ130/125Te from this study or from others. 
 
Fig. 5. Tellurium isotope compositions of minerals from Emperor and select other deposits, 
showing the strong clustering at Emperor and Cripple Creek, and weaker clustering of data at 
Kalgoorlie. 
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Table 1 
Stable Te isotope compositions (in per mil) of native tellurium, and tellurides from Emperor*     
  
Sample (mineral) δ130/125Te 2σ 
‰ 
amu
-1
 δ128/125Te 2σ 
‰ 
amu
-1
 δ126/125Te 2σ 
‰ 
amu
-1
 δ124/125Te  2σ 
‰ 
amu
-1
 δ122/125Te  2σ 
‰ 
amu
-1
 
M
at
an
ag
at
a 
Ea
st
 
                EMP 3-2 (Te) -0.47 0.13 -0.09 -0.22 0.06 -0.41 -0.06 0.03 -0.44 0.12 0.06 -0.45 0.3 0.13 -0.44 
                EMP 2-1 (syl) -0.1 0.06 -0.02 -0.05 0.06 -0.02 -0.02 0.03 -0.02 0.05 0.09 -0.05 0.1 0.21 -0.03 
                EMP 2-2 (syl) -0.01 0.08 0.00 -0.01 0.24 0.00 0 0.06 0 0.09 0.08 -0.09 0.08 0.1 -0.03 
                99 EM 94A (kr) -0.37 0.06 -0.07 -0.26 0.08 -0.09 -0.11 0.02 -0.11 0.13 0.06 -0.13 0.3 0.13 -0.10 
                EMP 1 (kr) 0.12 0.08 0.02 0.05 0.03 0.02 0.01 0.02 0.01 0.12 0.1 -0.12 0.15 0.05 -0.05 
                99 EM 110-2 (syl) 0.2 0.1 0.04 0.14 0.13 0.05 0.06 0.08 0.06 0.29 0.08 -0.29 0.41 0.12 -0.14 
                99 EM 118 (syl) 0.14 0.11 0.03 0.11 0.05 0.04 0.02 0.03 0.02 0.21 0.02 -0.21 0.27 0.18 -0.09 
                99 EM 110-3-1 (syl) 0.66 0.13 0.13 0.42 0.06 0.14 0.13 0.05 0.13 0.32 0.06 -0.32 0.28 0.15 -0.09 
                99 EM 94C (kr) -0.31 0.11 -0.06 -0.21 0.1 -0.07 -0.08 0.06 -0.08 0.11 0.07 -0.11 0.21 0.11 -0.07 
                2000N 99 EM 62 Kr (kr) 0.31 0.08 0.06 0.20 0.11 0.07 0.09 0.08 0.09 -0.11 0.03 0.11 -0.23 0.15 0.08 
R
1
 
                99 EM 27-1 (syl) -0.22 0.08 -0.04 -0.14 0.09 -0.05 -0.07 0.04 -0.07 0.08 0.1 -0.08 0.22 0.17 -0.07 
                99 EM 27-2 (kr) -0.16 0.08 -0.03 -0.15 0.06 -0.05 -0.06 0.04 -0.06 0.1 0.06 -0.10 0.26 0.18 -0.09 
                99 EM 116 (syl) -0.1 0.08 -0.04 0.16 0.11 0.05 -0.03 0.08 -0.03 0.06 0.11 -0.06 0.06 0.38 -0.02 
                 
Mineral abbreviations: Te - native tellurium, kr - krennerite, syl - sylvanite 
2σ error is 2 S.D. of the mean of multiple analyses. 
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Conclusions and Avenues for Future Study 
 The three papers that comprise this dissertation present the first stable tellurium 
isotope data for tellurides, native tellurium, tellurites, and tellurates. These studies, as well as 
previous ones (e.g., Baesman et al., 2007), demonstrate that Te shows measureable, abiotic 
fractionation at low to moderate temperatures (e.g., Earth surface conditions through ~450° 
C) and that fractionation is largely controlled by mass-dependent processes and is not 
particularly sensitive to changes in redox conditions. Though these studies prove that stable 
Te isotope variability can be resolved by modern instrumentation, the small body of literature 
on Te isotopes leaves open many possibilities for future study. 
 Experimental studies, in which the oxidation and reduction of Te are carried out 
under controlled conditions, allow for more specification of transport and mineralization 
processes as determined by the magnitude of fractionation. Such controlled experiments have 
been carried out with Se involving both biotic (e.g., Ellis et al., 2003) and abiotic (e.g., 
Johnson and Bullen, 2003) methods of fractionation. Although the studies of Smithers and 
Krouse (1968) and Baesman et al. (2007) report data on Te fractionation during Te(IV)  Te 
(0) reduction, they provide limited, albeit invaluable, information on an otherwise 
extensively redox active element. 
 Assessment of the Te isotope composition of various Te reservoirs will prove useful 
in the assessment of elemental provenance. As much as the isotopic composition of various 
types of rock, surface waters, and meteorites has been documented for S (e.g., Ohmoto and 
Goldhaber, 1997) and Se (e.g., Rouxel et al., 2002), these sorts of empirical observations on 
the Te isotope composition of various Te reservoirs should elucidate the sources of Te in 
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hydrothermal systems, which remain nebulous. It has been proposed that the source of Te in 
Te-rich ore systems are their spatially associated alkalic rocks such as lamprophyres, 
monzonites, and syenites (e.g., Rock and Groves, 1988; Zhang and Spry, 1994; Richards, 
1995; and Spry et al., 1996). There exists the possibility that such alkalic magmas could be 
enriched with Te from mantle sources, where Li (1976) proposed Te concentrations of 0.1 to 
0.52 ppm and Hattori et al. (2002) reported up to 103 ppm Te in mantle peridotitic sulfides. 
Alternatively, Te in the magmas could originate from the subduction of Te-rich pelagic 
sediments (up to 2 ppm Te; Beaty and Manuel, 1973) and ferromanganese crusts (up to 5.2 
ppm Te; Hein et al., 2003). Should the Te isotope signature of different Te reservoirs (e.g., 
mantle sourced, sediments, subducted plate melt, etc.) be distinct, isotopic analysis could aid 
in the determination of the source of the Te. 
Isotopic study may also yield insight into the origin and fate of Te as it cycles 
between surficial aqueous reservoirs. Such research may shed light on the kinetics of Te 
weathering, specifically from mine tailings and into surface waters (e.g., Kimball et al., 
2009), in which case the findings of Baesman et al. (2007) demonstrate the possibility that 
bacteria could be used to fix Te as a form of contaminant remediation. The mechanisms 
involved in the (bio)geochemical cycling of Te between marine water into sediments and/or 
authigenic crusts as  they are extremely enriched in Te relative to marine waters may also be 
exposed. 
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Appendix 
 
Appendix Table 1 
Electron Microprobe Compositions of Various Samples 
Sample 13143C 483 11655 15555 13157B 5405 5405 473 496 492 
Mineral Cal Syl Cal Stz Cal Syl Emp Syl Syl Stz 
Element (wt. %) 
          Bi 0.5486 0.6569 1.8079 
       Pb 0.0802 -0.0166 0.1646 0.1145 -0.0853 -0.0875 0.0206 0.0478 -0.1120 0.0153 
S -0.0002 -0.0006 -0.0014 0.0099 -0.0143 -0.0110 0.0321 0.0353 0.0171 0.0258 
Sb -0.7914 0.0666 -0.8045 -1.0486 0.1250 -0.4479 -0.9613 -0.4278 -0.6328 -0.9838 
Te 59.1262 63.5109 57.4799 42.6579 58.0445 62.8134 50.7358 62.2702 64.0018 41.9786 
Fe -0.0062 0.0044 -0.0412 -0.0234 -0.0001 0.0119 -0.0018 -0.0195 -0.0062 0.0123 
Au 37.7825 23.8635 41.9561 -0.0411 38.0894 24.0673 0.0105 24.2132 24.2184 0.0206 
Ag 3.1351 12.7154 0.6543 57.3296 2.8010 12.8565 51.1151 12.8253 12.3489 57.1842 
As -0.2602 0.0181 -0.3844 -0.0144 -0.0454 -0.0244 -0.0183 -0.0353 -0.0393 -0.0247 
Hg -0.0684 -0.0006 -0.0908 1.6362 0.1018 -0.0628 0.4982 0.0421 0.0081 1.9746 
Cu 0.0022 -0.0007 0.0384 -0.0073 -0.0484 0.0850 0.0177 -0.0054 0.0421 -0.0431 
Total 99.5484 100.8173 100.7789 100.6133 98.9682 99.2005 101.4486 98.9459 99.8461 100.1598 
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Sample 492 4141 5565 11206 510ES 510ES 4093 4093 2126 68358 
Mineral Syl Cal Kren Te Stz Syl Petz Cal Cal   
Element (wt. %) 
          Bi 
          Pb 0.1295 -0.0011 0.0246 0.0712 -0.0062 0.2042 0.2629 -0.0334 0.02 0.00 
S -0.0004 0.0070 -0.0012 0.0126 -0.0002 0.0202 0.0481 -0.0029 0.01 0.00 
Sb -0.1613 -0.6826 -0.6305 -0.3838 -0.6793 -0.5175 2.3854 -0.2533 
  Te 62.4058 57.2739 59.7876 99.4580 42.3797 63.7349 26.2581 58.9821 56.89 57.04 
Fe 0.0051 0.0394 0.0169 0.0180 0.0269 0.0628 -0.0067 -0.0008 
  Au 25.0943 39.3897 34.8200 -0.0554 -0.0346 23.4553 34.8939 40.0596 42.80 40.31 
Ag 12.0987 1.8406 5.4896 -0.0337 57.1314 12.9211 36.2143 0.6852 0.82 2.73 
As -0.0227 -0.0345 -0.0251 -0.0496 -0.0110 -0.0184 -0.0482 -0.0227 
  Hg -0.0644 -0.0455 0.1903 0.2819 1.5661 -0.1520 -0.0052 0.0619 0.00 0.00 
Cu -0.0600 -0.0243 -0.0358 0.0296 -0.0521 0.0273 0.0064 0.0882 0.00 0.05 
Total 99.4246 97.7626 99.6364 99.3488 100.3207 99.7379 100.0090 99.5639 100.54 100.13 
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Sample 837 Bam-1 10366 8861 99EM118 99EM118 99EM118 99EM27 99EM27 99EM27 
Mineral Hs Te Syl Te Te Col Cal Hs Petz Syl 
Element (wt. %) 
          Bi 0.05 0.00 0.18 0.08 0.02 0.00 0.16 0.04 0.21 0.14 
Pb 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S 0.01 0.01 0.01 0.03 0.02 0.01 0.02 0.02 0.00 0.00 
Sb 
          Te 37.58 99.43 61.86 97.06 99.52 38.06 56.04 37.73 26.77 61.94 
Fe 
          Au 0.00 0.00 26.72 0.00 0.00 0.00 42.34 0.54 28.15 26.08 
Ag 61.55 0.00 10.97 0.00 0.10 0.03 1.09 59.61 43.39 11.96 
As 
          Hg 0.09 0.05 0.03 0.01 0.00 59.44 0.00 0.39 0.00 0.00 
Cu 0.00 0.01 0.02 0.01 0.05 0.01 0.00 0.00 0.00 0.00 
Total 99.28 99.54 99.79 97.19 99.71 97.55 99.65 98.33 98.52 100.12 
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Sample 117367 117367 120529 139380 
Mineral Gn Hs Cal Cal 
Element (wt. %) 
    Bi 0.47 0.07 0.15 0.00 
Pb 84.54 0.00 0.00 0.00 
S 13.19 0.01 0.01 0.02 
Sb 
    Te 0.04 41.47 58.18 57.64 
Fe 
    Au 0.00 0.13 38.09 39.12 
Ag 0.00 59.67 3.75 3.00 
As 
    Hg 0.00 0.07 0.00 0.00 
Cu 0.04 0.05 0.00 0.12 
Total 98.28 101.47 100.18 99.90 
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